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Dry CO2 reforming of methane (DRM) has received considerable attention 
recently as the potential utilization of two major greenhouse gases (CO2 and CH4) which 
constitutes a very attractive route to produce valuable synthesis gas as raw materials for 
industrial applications. Ni catalyst is widely used for DRM due to its high activity and low 
cost. However, Ni suffers from serious carbon formation, leading to catalyst deactivation. 
Therefore, this thesis is focused on the development of nickel-based catalysts synthesized 
with various catalytic precursors to achieve high catalytic DRM activity and stability. 
 
A series of nickel-based catalysts were first screened on various types of supports: 
ZrO2, CeO2, Y2O3 and La2O3. Catalyst screening on DRM showed that the Ni-La2O3 
catalyst had superior performance in terms of activity and stability compared to other Ni-
supported catalysts. Approximately 96% and 92% of CH4 and CO2 conversions were 
achieved at 800 °C with almost no detectable carbon formation. This could be attributed to 
the synergestic effect between Ni and La2O3 support which is believed to form La2O2CO3 
and promote catalyst activity and stability.  
 
Introduction of promoters (MgO, CaO and SrO) to Ni-La2O3 was found to enhance 
activity and resistance to carbon formation as compared to the undoped Ni-La2O3. Among 
these catalysts, Sr-doped Ni-La2O3 (Ni-SDL) catalyst showed the best catalytic DRM 
performance even at lower temperature (600 °C) due to the higher amount of surface 
viii 
 
lattice oxygen species as well as higher oxygen adsorption/desorption ability of Ni-SDL 
catalyst. 
 
Since Sr has emerged as an attractive promoter into Ni-La2O3, the addition of Sr 
was further investigated in LaNiO3 perovskite as catalyst presursor (La1-xSrxNiO3). The 
Sr-doped La0.8Sr0.2NiO3 perovskite catalyst precursor showed the best overall DRM 
performance in terms of higher conversions and less carbon formation as compared to the 
undoped LaNiO3 and Ni-SDL catalysts due to the optimum amount of surface oxygen 
species which played a crucial role in promoting the catalytic activity and stability of 
La0.8Sr0.2NiO3 perovskite catalyst precursor.  
 
The introduction of Sr was further investigated in La2NiO4 spinel catalyst 
precursor (La2-xSrxNiO4) since spinel has a similar structure with perovskite but with 
different Ni content based on its stoichiometry. The Sr-doped La1.9Sr0.1NiO4 spinel 
catalyst showed the best overall DRM performance. Since the spinel catalyst has less Ni 
content than the perovskite catalyst, the interaction between Ni and Sr is expected to be 
stronger in the spinel catalyst. Therefore, the high number of electrons transferred from Sr 
to Ni provided a strong interaction between Ni and the catalyst support to produce fine Ni 
particles in the spinel catalyst. In addition, the small amount of Sr in the spinel catalyst 
increased CO2 adsorption and formed an intermediate compound, La2O2CO3, which 




  A novel catalyst combining the advantages of surface oxygen species over 
perovskite structure and strong metal-support interaction between bimetallic Ni-M phase 
and supports (M = Bi, Fe, Cu, Cr and Co) has been successfully synthesized as 
La0.8Sr0.2Ni0.8M0.2O3 perovskite catalysts. Substitution of M onto B sites resulted in a 
significant improvement in both catalyst performance and carbon suppression. Cu-
substituted LSNO catalyst showed highest conversions due to higher amount of accessible 
active Ni-Cu phase. On the other hand, Fe-substituted LSNO catalyst showed the highest 
catalytic stability with no detectable carbon formed after reaction. This was attributed to a 
strong interaction between Ni-Fe and support, resulting in highly-dispersed Ni-Fe 
particles.  
 
Finally, to improve energy efficiency of DRM reaction as a new aspect in DRM 
development, the Sr-doped catalysts synthesized in this research (La0.8Sr0.2NiO3, 
La1.9Sr0.1NiO3 and La0.8Sr0.2Ni0.8Fe0.2O3) has been further investigated in oxy-CO2 
reforming of methane (OCRM). Combination of highly endothermic DRM reaction and 
exothermic POM reaction was found to improve energy efficiency, catalytic CH4 
conversion and catalytic stability. Optimal condition was found with the feed ratio of CH4: 
CO2: O2 = 4:3:1, reduction temperature of 650 C and reaction temperature of 700 C.  
 
In summary, some of the significant findings in this research are: 1) Promotional 
Sr into Ni-La2O3 increased oxygen vacancies, resulting in higher amount of surface 
oxygen species and hence enhancing C-H activation, 2) Sr increased an interaction 
between Ni and support, resulting in higher Ni dispersion over the support, 3) Sr increased 
x 
 
basicity of the support, resulting in higher resistance to carbon formation, 4) Sr enhanced 
the presence of bidentate carbonate compound, hence minimizing occurrence of side 
reaction of reverse-water gas shift reaction and 5) M-substituted perovskite catalysts were 
found to be potential DRM catalysts. Higher amount of accessible active Ni-Cu phase 
played a role in high conversions, whereas, a strong interaction between Ni-Fe and support 
play a crucial role in catalytic stability with no detectable carbon formed after reaction.  
 
Keywords: dry CO2 reforming of CH4, Ni-La2O3, Strontium, perovskite, hydrogen 
production, CO2 utilization 
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CHAPTER 1 Introduction 
 
This research project is about developing the catalyst for the production of 
syngas via the CO2 reforming of methane (CH4). In this chapter, Syngas and CO2 
reforming and their significance will be discussed, as well as the objective of this 




 The development of sustainable energy for the future has become increasingly 
important due to the concerns of rapidly decreasing energy carriers like petroleum. 
Moreover, the combustion of fossil fuels can cause high concentrations of CO2 in the 
atmosphere causing the warming of our planet. The high demand for energy in all 
application today is not sustainable because of the reducing natural energy sources 
which could one day, become depleted. As a result, many researches today are carried 
out to investigate new sources of energy which are environmentally friendly.  
 
Hydrogen (H2) is an attractive energy source from the academic and industrial 
point of view and it is primarily used in the chemical in process such as the synthesis of 
ammonia, hydrocracking, and hydrogenation. It is also used as a fuel, called hydrogen-
fuels, in applications like fuels cells. Great focus has been put on H2 production 
because hydrogen-fuel is cleaner and more environmentally friendly than direct fossil 
fuels, which have a negative impact to the climate by emitting large amounts of CO2 to 
the atmosphere. 




  Hydrogen can be produced from both renewable sources and conventional 
sources. Renewable sources such as wind, water, and solar power are generally more 
disadvantageous economically than conventional sources which are more practical and 
lower in cost. Examples of conventional methods of H2 production are: carbon dioxide 
(CO2) reforming, steam reforming, partial oxidation and oxy-CO2 reforming of 
hydrocarbons.  Recently, amongst of  the hydrocarbons, the use of methane (CH4) has  
drawn increasing attention  due to the large amount of natural gas available which 
contains CH4 as a major component. In addition, CH4 provides a high hydrogen/carbon 
(H2/C) ratio which theoretically produces a higher amount of H2. However, the 
production of hydrogen via methane reactions requires a considerable amount of 
catalysis in order to produce hydrogen more effectively.  
 
It is known that the reforming and oxidation of CH4 can be catalyzed using 
noble and non-noble metal. Noble catalysts (for example: Pt, Pd, Rh and Ru) show 
high activity and high carbon resistance but are costly and therefore, are not desirable 
from the industrial point of view. On the other hand, non-noble metal catalysts (for 
example: Ni, Co, and Fe) show good catalytic activity and are low in cost. Among 
these three metals, Co and Fe are easily oxidized during the reaction and may cause the 
catalyst to be unstable. On the other hand, Ni exhibits high activity but has a high 
carbon formation rate. The formation of carbon is a thermodynamically favoured in the 
reaction to produce syngas, making the catalyst prone to deactivation. Therefore, from 
the economic perspective, Ni is the most promising catalyst due to the highest activity 
for methane reformation reactions.  
 




To suppress the carbon formation, Ni can be stabilized by proper supports and 
promoters. As reported in previous studies, the nature of the supports and promoters 
was found to affect the amount of carbon deposited on the metal catalyst. This suggests 
that the surface properties of the catalysts play important roles to improve catalytic 
performance. Furthermore, their structures such as the spinel-type (A2BO4) or 
perovskite-type structures (ABO3) can also counter the problem of carbon formation. 
Many researches have reported high activity and selectivity for hydrogen production 
with low formation of carbon using these perovskite and spinel catalysts. The presence 
of highly-dispersed Ni particles and the high basicity of these catalysts can reduce 
carbon adsorption and helps to prevent their deactivation.  
 
1.2 Objectives and Significance of the study 
 
The objective of this study is to develop high performance catalysts with high 
resistance to carbon formation for the production of H2 via dry CO2 reforming of 
methane (DRM). In this study, Ni has been selected as the active catalysts and the role 
of supports and promoters will be investigated. Many types of oxides that could 
promote the CO2 reforming of methane reaction have been studied as potential 
supports for Ni catalysts. Lanthanum oxide (La2O3) is the most active oxide and 
therefore has been selected for the investigation on the effect of alkaline earth metal 
oxides as promoters.  
 
In addition, Ni in different structures, ABO3 and A2BO4, named as LaNiO3 and 
La2NiO4, respectively, will be investigated and their surface properties and their 
catalytic performances will be clearly shown. The addition of Sr on the A sites over 
these two structures will be further investigated. Various catalyst characterizations to 




understand the effect of Sr on the surface properties as well as the possible mechanism 
will be examined.  
 
Lastly, further investigation on the development of the catalysts over the ABO3 
structure by doping additional metals (M) onto B site will be studied and the surface 
properties, as well as possible mechanism over the catalysts, will be determined.   
 
The results obtained in this study would be helpful for the development of 
highly efficient catalysts for production of hydrogen which may lead to future 
applications in industry. 
 
1.3 Thesis organization 
 
This thesis consists of ten main chapters, covering the introduction, literature 
reviews, experiments, results and discussion, conclusions and recommendations. 
 
In Chapter 2, an extensive literature review on the dry CO2 reforming of 
methane (DRM) is provided. The reports on the catalysts and carbon formation are 
also reviewed. In addition, the principles and crucial properties on the catalyst material 
on DRM are discussed. 
 
In Chapter 3, the primary experimental methods used in the study are 
described. The schematic diagrams of the main catalyst preparation are also provided. 
  
In Chapter 4, series of nickel-based catalysts have been screened on various 
types of supports: ZrO2, CeO2, Y2O3 and La2O3. The catalysts are characterized using 




various techniques such as BET, XRD, TPR, TG/DTA, TEM, and XPS to understand 
the nature of supports which affect the activity and stability of the catalysts.  
 
In Chapter 5, promotional alkaline earth metal oxides on Ni-La2O3 have been 
synthesized And their effects on the surface properties of the La2O3 support as well as 
the catalytic performance is discussed.  
 
In Chapter 6 and 7, the effect of Sr doping in the La1-xSrxNiO3 and the La2-
xSrxNiO4 perovskite structures (ABO3 and A2BO4, respectively) was investigated and 
the DRM performance and the surface properties of the resulting catalysts were been 
analyzed. 
 
In Chapter 8, La2-xSrxNiO4 perovskite as a catalyst precursor for oxy-CO2 
reforming of methane were investigated and its catalyst activity, selectivity and 
stability were conducted. Combining endothermic reforming and exothermic partial 
oxidation reactions have been expected to give better conversions as well as higher 
catalytic stability. 
 
In Chapter 9, the modification with other metal (M) on La0.8Sr0.2Ni0.8M0.2O3 
was synthesized and the effect of the metals on the surface properties of the original 
perovskite structure was investigated. The oxidation state imbalance of active Ni 
catalysts as a result of doping could play a role in the performance of the catalyst 
 
In Chapter 10, conclusions based on the experimental results were drawn and 
future works were also mentioned and recommended. 
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CHAPTER 2 Literature Review 
 
With the growing demand for energy as the world population reached 7 billion 
in 2008, countries such as the USA are investing in research for alternative forms of 
fuel such as the employment of hydrogen as an energy carrier as it can be produced 
from diverse sources. One of the sources for hydrogen production is via the processing 
of fuel such as gasoline, ammonia or hydrocarbons (Holladay et al., 2009) into 
synthesis gas (syngas). Syngas, consisting of hydrogen (H2) and carbon monoxide 
(CO), can be used in a number of highly selective syntheses of a wide range of 
chemicals and more important in the manufacturing of synthetic fuel (Rostrup-Nielsen 
et al., 2002).  
There are several methods to produce syngas such as partial oxidation of 
methane (POM), steam reforming of methane (SMR) and dry CO2 reforming of 
methane (DRM) etc. Among these, DRM has received considerable attention in recent 
years to produce syngas and hydrogen due to the utilization of two green house gases: 
CH4 and CO2 which are contributed immensely to environmental problems like global 
warming. Conversion of the two low-cost products for the production of liquid 
hydrocarbons in the Fischer–Tropsch synthesis (Botes et al., 2009; Guerrero-Ruiz et 
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2.1 Review of studies on dry CO2 reforming of methane (DRM) 
2.1.1 General background  
 
Methane is normally used to produce CO and H2 (collectively named as 
synthesis gas - syngas) which is one of the most important feedstocks for ammonia, 
methanol and Fischer-Tropsch synthesis processes (Choudhary and Mondal, 2006). 
There are several ways to produce syngas and one of the most promising alternatives is 
dry CO2 reforming of methane (DRM) (Batiot-Dupeyrat et al., 2005; Bradford and 
Vannice, 1999a; Gallego et al., 2008; Gallego et al., 2006). This reaction has very 
important environmental implications since both CH4 and CO2 contribute to the 
greenhouse effect, resulting in global warming. The usage of DRM reaction to convert 
into valuable chemical may reduce CO2 and CH4 gases in the atmosphere. 
Carbon dioxide (dry) reforming of methane (DRM) reaction is as follows: 
CH4 + CO2 → 2CO + 2H2,  ∆Hº298K= 247 kJmol
-1
            
This reaction (DRM) produces synthesis gas with H2/CO ratio of 1, which is 
desirable for many industrial synthesis processes (Wang et al., 1996), for example, 
desirable feedstock for Fischer-Tropsh synthesis (M. Gaddalla and E. Sommer, 1989) 
and the synthesis of oxygenates (Burch and Petch, 1992; Subramani and Gangwal, 
2008; Yung et al., 2009) 
However, in general, DRM is also typically accompanied by the simultaneous 
occurrence of the reverse water-gas shift reaction  
CO2 + H2 → CO + H2O,   ∆Hº298K= 41kJmol
-1
  
 Therefore, the H2/CO production ratio is usually less than 1 for DRM. When 
conventional Ni-containing catalyst for SMR is used for DRM, carbon deposits are 
formed on the catalyst and deactivated rapidly. The carbon deposition can be reduced 
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by utilizing a high molar ratio of CO2 to CH4 (≥3) so as to inhibit CO 
disproportionation. However, this could also decrease the selectivity of H2/CO as 
compared to the selectivity of H2/CO obtained from DRM (H2/CO = 1).  
 As reviewed above, many researches have been conducted to develop DRM 
catalysts. However, serious problem of carbon deposition on the catalysts’ surface, 
causing catalytic deactivation is still the major barrier from large-scale industrial 
application. Therefore, a lot of investigations on development of DRM catalysts have 
been intensively studied to overcome this major barrier. 
 
2.1.2 Catalysts for CO2 reforming of methane (DRM)  
 
Numerous researches on catalysts for DRM have been investigated in order to 
achieve high catalytic performance in both activity and stability. Metal catalysts are 
often employed to improve the performance of the reforming reactions. They are 
categorized into noble and non-noble metals. Noble metals include Rh, Pt, Pd, Ir, Ru 
and Re (Bitter et al., 1997; Erdohelyi et al., 1993; Rezaei et al., 2006; Rostrupnielsen 
and Hansen, 1993) while non-noble metals include transition metals like Ni, Co and 
Fe.  
In order to enhance the synthesis gas formation by DRM, there has been a 
whole line of catalyst development which has both high catalytic performances and 
high resistance to carbon formation. Both noble and transition metal catalysts are 
considered. The noble metals exhibit high stability with excellent activities and 
selectivities as compared to the non-noble metals. However, the noble metal catalysts 
are expensive and hence the restriction in their potential use in industrial processes. 
Chapter 2 – Literature Reviews 
9 
 
This gave rise to many investigations done on the use of non-noble catalysts for 
reforming reactions. Ni, Co and Fe catalysts are most widely used together with the 
noble metals due to their low cost and high availability. Among these transition metals, 
Ni is chosen as a potential catalyst to be designed due to its low cost and good activity 
(Rezaei et al., 2008a; Rezaei et al., 2008b). However, Ni catalysts suffer from catalyst 
deactivation. Therefore, to overcome the problems of catalyst deactivation, the 
development of DRM catalysts are necessary. The investigation of secondary 
components such as supports and promoters has attracted significant attention 
(Barroso-Quiroga and Castro-Luna, 2010; Cheng et al., 1996; Deng, 2000; Dias and 
Assaf, 2003; Gadalla and Bower, 1988; Hu and Ruckenstein, 2004; Osaki and Mori, 
2001; Pietraszek et al., 2011; Xu et al., 1997). 
  
2.1.2.1 Development of nickel-supported catalyst for dry CO2 reforming of 
methane 
 
Ni catalyst is the most widely used and drawn remarkable attention for dry CO2 
reforming of methane (DRM) due to its low cost, high catalytic activity and wide 
availability (Rostrup-Nielson, 1997) which are practicable for industries (Prettre et al., 
1946; Tsang et al., 1995). However, Ni-based catalysts deactivate easily due to carbon 
deposition and/or metal sintering. Therefore, many attentions have focused on the 
development of Ni-based catalysts in both the activity and stability for DRM reaction 
in the following aspects: modification of supports, addition of promoters and catalyst 
preparation method. These Ni based catalysts are summarized in Table 2.1. 
 As reported by Ruckenstein and Hu (Ruckenstein and Hu, 1996), DRM activity 
were profoundly affected by the nature of the support. The sequence of the initial CO 
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yields of various supports was Ni/Al2O3>Ni/SiO2>Ni/TiO2. However, the activity and 
selectivity of the reduced NiO/Al2O3 catalyst increased rapidly with initial reaction 
time but decreased subsequently due to metal sintering and carbon deposition over 
NiO-Al2O3.  Moreover, this group (Ruckenstein and Hu, 1996) studied the interactions 
between Ni metal and La2O3 support in Ni/La2O3 catalysts prepared using different Ni 
precursors, which could influence the nature of nickel particle size and finally resulted 
in carbon formation on the nickel particle. They found that the number of Ni sites in the 
chloride based catalysts was smaller than those based on the nitrate because of the high 
surface activity of that compound. This impeded the formation of sufficiently large 
ensembles of Ni atoms which are necessary for coke deposition. Further investigation 
has been studied by A.F. Lucrédio et al. (Lucrédio et al., 2007). The result showed that 
basic supports of rare earth could improve steam reforming and decreased the carbon 
formation by the favoring of the carbon gasification. Recently, M. Rezaei et al. (Rezaei 
et al., 2008b) studied CO2 reforming of CH4 over nanocrystalline zirconia-supported 
nickel catalysts. It was found that 5% Ni/ZrO2 showed high activity and stability in 
CO2 reforming reaction of methane.  
Besides the studies on the type of supports, there are some studies which 
focused on the effect of promoters on methane reforming performance. According to 
A.F. Lucrédio et al. (Lucrédio et al., 2007), supports could be considered as promoters 
and examples like La2O3 and CeO2 are usually added to reforming catalysts so as to 
enhance the metallic dispersion and carbon removal to minimize the sintering of 
metallic species. Moreover, the addition of basic promoters such as CeO2, La2O3 and 
K2O could affect the metal-support interaction and enhance the basicity of catalysts 
and thus improve the activity and stability of nickel catalysts (Rezaei et al., 2008a).  
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Subsequently, it was also found that addition of other metals to the nickel metal 
catalyst could improve the performance of the overall catalyst for the reforming 
reaction, for example, CO2 reforming of CH4 over Ni/yttrium-doped ceria (Wang et al., 
2001). It was discovered that the Ni-support interaction decreased and even diminished 
and the dispersion of the Ni species became poorer with an increase of yttria loading. 
Moreover, this group also contributed further study on Ni-Cr catalyst (Wang et al., 
2003). The result of CO2 reforming of CH4 over bimetallic Ni-Cr/yttria-doped ceria 
catalysts showed high activity probably due to better metallic dispersion of Ni; 
however, this was offset by the coverage of surface oxygen vacancies over Cr. 
Nonetheless, Cr addition to Ni was still beneficial to the activities of CO formation. 
Based on the above review of the nickel-supported catalysts, it was eventually 
shown that the Ni-based catalysts are active catalytically to methane reforming. 
However, fundamental understanding of the role of supports and promoters on the 
supports should be further investigated in this area in order to achieve comprehensive 
understanding of the role of supports and promoters on the performance of metal 
supported catalysts.  
 
Table 2.1 Example of catalysts for DRM 
 













(Castro Luna and Iriarte, 2008; Hou et al., 
2003) 
(Gokon et al., 2010; Roh and Jun, 2008) 
(Dias and Assaf, 2003) 
(Roh and Jun, 2008) 
(Laosiripojana et al., 2005; Wang and Lu, 






















































(Yang et al., 2010) 
(Jung et al., 2000; Meshkani and Rezaei, 
2011; Ruckenstein and Hu, 1995; Wang et 
al., 2009; Xu et al., 2001) 
(Ruckenstein and Hu, 1995) 
(Ruckenstein and Hu, 1995) 
(Ruckenstein and Hu, 1995) 
(Tsipouriari and Verykios, 1999; Tsipouriari 
and Verykios, 2001; Zhang and Verykios, 
1996) 
(Gonzalez-Delacruz et al., 2010; Kumar et 
al., 2007; Laosiripojana and 
Assabumrungrat, 2005; Wang et al., 2001) 
(Rezaei et al., 2008a) 
(Bradford and Vannice, 1999b) 
(García et al., 2009) 
(Kambolis et al., 2010; Kumar et al., 2007; 
Rezaei et al., 2008a; Roh et al., 2002) 
(Liu et al., 2008) 
(Rezaei et al., 2008a) 
(Juan-Juan et al., 2006) 
(Fan et al., 2011; Zhang et al., 2007) 
(Fan et al., 2011) 
(Qu et al., 2008) 
















(Halliche et al., 1996) 
(Kim et al., 2007) 
(Halliche et al., 1996) 
(Michalkiewicz et al., 2009) 
(Halliche et al., 1996) 
(Zhang et al., 2007) 
 
 
2.1.2.2 Development of nickel-perovskite catalyst for methane reforming 
 
Perovskite materials have been studied extensively over the years because of 
their beneficiary properties, such as the high oxygen permeability (Kharton et al., 
2006a; Kharton et al., 2006b; Kovalevsky et al., 1998) to the methane reaction and the 
mixed electronic-ionic conductivity. Oxygen permeability on perovskite will not be a 
crucial property in a process that does not require oxygen as a reactant. For example, in 
dry CO2 reforming of methane reaction, carbon dioxide will be utilized as feed reactant 
instead of oxygen. Moreover, perovskite used as a precursor is capable of promoting 
high metal dispersion and thermal stability, which plays a role in catalytic performance 
as mentioned in some research works (Araujo et al., 2008; De Lima et al., 2008; Rivas 
et al., 2008; Sierra Gallego et al., 2008; Valderrama et al., 2008) 
The ideal perovskite structure (Fig. 2.1) is cubic with the generic formula 
ABO3, where A is the larger cation in a twelve-fold coordinate and B is the smaller 
cation in a six-fold coordinate with oxygen ions. When the B ions can take a mixed-
valence state, such as transition metals, the partial substitution of A site cations by 
other metal cations with lower valencies usually causes the formation of oxygen 
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vacancies and a change in the valence state of the B ions in order to maintain the 
charge neutrality (Chung-Yi et al., 1997). 
 
 
Fig. 2.1.The ideal perovskite structure with the formula ABO3 
(Source: www.insightq.com/Energy/perovskite.jpg) 
 
 The review of nickel-perovskite catalysts on methane reforming presented here 
is focused more on both ABO3 and A2BO4 structure. However, up to now, most studies 
have investigated intensively only on catalytic performance over original ABO3 and 
A2BO4 catalysts. A few reported the development of perovskite catalyst precursors 
over replacement of A or B ions with other heterovalent metal ions.  
Recently,  perovskite catalyst precursors have been developed as an alternative 
catalyst (Nam et al., 1998), which  possessed  high thermal stability and metal 
dispersion. Replacement of A or B ions with other heterovalent metal ions  could 
modify the catalyst structure, creating oxygen vacancies or valence states of the 
original metal cation which could enhance both the redox properties and oxygen 
mobility in the system (Peña and Fierro, 2001). In addition, the oxygen species within 
the lattice resulted in three different types of charged oxygen species over the 
catalysts’ surface, namely O2−, O− and O2
2−
. The introduction of such lattice defects 
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caused some modifications of chemical and transport properties of these oxides, which  
altered the catalytic properties  directly or indirectly  (Salomonsson et al., 1993). 
Therefore, ABO3 and A2BO4 catalysts will be further investigated in this study 
in catalytic activity and stability as well as in fundamental studies on surface 
properties. Modification on the catalyst structure may probably result in oxygen 
vacancies or valence state of original metal cation, which can enhance redox properties 
and oxygen mobility in the system. The influence of surface properties on catalytic 
performance will be further discussed. 
 
Table 2.2 Summary of base formulas, dopants, preparation methods, catalyst particles 
and yield 




LaFe0.8Co0.2O3- δ  











5% Rh/Al2O3, 5% 
Ni/α-Al2O3 
XCH4: 95% 
SCO: almost 100% 
 
LaFeO3  
(Bayraktar et al., 2007) 
Ca, Sr on A 





(Dolapix CE 64) 
None 
XCH4: 87 – 97% 
SCO: 49 – 79% 
La2NiO4  





XCH4: above 97% 
SCO: 98% 
SH2: 95% 
Ba(Co,Fe,Zr)O3- δ  





XCH4: almost 100% 
SCO: above 95% 
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BaCoxFeyZrz O3- δ 
(x+y+z=1.0) 





SCO: about 97% 
 
LaMnO3  





XCH4: 97.6 – 98.9% 
 
Ba0.5Sr0.5Co0.8Fe0.2O3- δ 

















XCH4:  > 57% 
(complete oxidation 
to CO2) 
CO2 yield: > 90% 
 
Ce0.75Zr0.25O2  
(Prasad et al., 2008) 
NiO GNP None 
XCH4: > 58%;  












cathodic layer; Pd-TiO2 as 
electrolyte layer 







XCH4: > 90% 
SCO: > 90% 
SH2: > 80% 
 
2.1.3 Carbon deposition in DRM 
 
 Besides the studies of Ni-supported catalysts for methane reforming as 
mentioned earlier, there are many studies which focused on carbon formation during 
methane reforming over Ni metal catalysts. As is known, Ni can catalyze carbon 
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formation during the reactions (Ruckenstein and Hu, 1996; Christensen et al., 2006; 
Zhang et al., 2007) which can cause catalytic deactivation. In fact, there are well-
defined carbon structures documented to be formed on the nickel surface. The 
distinguishable morphologies include filamentous carbon, encapsulating carbon and 
pyrolytic carbon. 
 Deactivation of supported metal catalysts by carbon or coke formation, which 
has its origin in the CH4 dissociation and/or CO disproportionation, is the most serious 
problem hindering the application of the CO2 reforming of methane. 
 
Fig. 2.2. FESEM image obtained from one of the used samples 
 
As carbon nanotubes or multi-walled nanotubes are formed on the catalyst 
surface (Fig. 2.2), they decrease the number of exposed catalytic metal atoms, blocking 
the reactants (methane and/or carbon dioxide and/or oxygen) from being adsorbed on 
the active catalytic metal sites. As a result, the metal loses its catalytic property 
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The two reactions contributing to coking in methane reforming are: 
CO disproportionation (Boudouard reaction):   2CO  CO2 + C H
o
 = -173kJ/mol 
Methane decomposition:            CH4  2H2 + C   H
o
 = +75kJ/mol 
(Hu and Ruckenstein, 2004; Sierra Gallego et al., 2008) 
 
There are several suggested ways to reduce coking. Thermodynamically, 
carbon formation is minimized at high CO2/CH4 ratios and high temperatures. This is 
however industrially undesirable as high temperature will incur high cost.  Thus, we 
will have to focus attention on finding a catalyst operating under thermodynamically 
favorable situations that makes it kinetically infeasible for carbon formation. Noble 
metals are known to have much less carbon deposition, but their high cost deters 
industrial-scale usage. In terms of cost optimization, Ni is the ideal choice, as it is 
relatively cheaper but has a reasonable activity. However, the carbon deposition 
problem remains a problem with Ni as catalyst. 
There are two main properties of catalyst contributing to carbon formation: 
surface properties and surface acidity. Thus we will need to address problems in these 
areas to reduced coking formation. 
Coking by CH4 decomposition is a structure-sensitive reaction. The diffusion 
and segregation of carbon are also dependent on the metal surface structure. 
Furthermore, the carbon adsorbed on the smaller metal particles diffuses with more 
difficulty than that on the larger particles. This property allows the inhibition of the 
coking by modification of the catalyst surface structure. Thus one way to inhibit is to 
control the size of the ensembles of metal atoms on the surface, because the ensembles 
necessary for carbon formation are larger than those needed for CH4 reforming.  
 Coking can also be attenuated or even suppressed when the metal is supported 
on a metal oxide with a strong Lewis basicity. This suppression occurs because the 
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high Lewis basicity of the support increases the ability of the catalyst to chemisorb 
CO2 in the CO2 reforming of methane and H2O in the steam reforming of methane, and 
these species react with carbon (if there are any) to form CO, resulting in net carbon 
formation. 
 
2.1.4 Oxy-CO2 reforming of methane (OCRM) 
 
OCRM is similar to DRM and POM except that oxygen gas is incorporated into 
the reaction as another reactant. In this case both reactions in DRM and POM will 
occur simultaneously.  It was suggested by V.R. Choudhary et al. (Choudhary and 
Mondal, 2006) that POM was the dominating reaction at lower reaction temperatures. 
And as the reaction temperature was increased, the conversion of CO2 was increased 
dramatically due to the increasing participation of the DRM reaction. The main 
advantage of using OCRM lies in its increased flexibility for altering the H2/CO ratio 
to the requirements of the subsequent syngas, intended for liquid hydrocarbon 
processes.  
Depending on the process conditions, the following reactions can occur during 
OCRM: 
 
CH4 + CO2  2CO +2H2  (H
o
 = 247.3 kJ/mol) 
CH4 + ½ O2  CO + ½ H2  (H
o
 = -35.6 kJ/mol) 
CH4 + 2O2  CO2 + 2H2O  (H
o
 = -880 kJ/mol) 
CH4 + 3/2 O2  CO + 2H2O  (H
o
 = -519 kJ/mol) 
CH4 + H2O  CO + 3H2  (H
o
 = 206 kJ/mol) 
CO + H2O CO2 + H2  (H
o
 = -41 kJ/mol) 
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CO2 + H2  CO + H2O  (H
o
 = 41 kJ/mol) 
 
In addition, in the presence of O2, the carbon formation is reduced due to the 
oxidation of the carbon precursor species (partially hydrogenated CHx species). 
Moreover, because of the simultaneous occurrence of the endothermic CO2 reforming 
and the exothermic partial oxidation of methane to syngas, the methane-syngas 
conversion process occurs in a highly energy-efficient manner, requiring little or no 
external energy.  
Lastly, the H2/CO product ratio can be controlled by manipulating the process 
conditions, particularly the reaction temperature and/or the relative concentration of O2 
in the feed. This is very useful for different processes, where different syngas ratio is 
needed. An important example is the variable ratio needed in the Fisher-Tropsch 
process to produce varying length of hydrocarbons. Thus OCRM has the flexibility in 
producing what we want. 
In all, OCRM seems to possess all the benefits of POM and DRM, while 
eradicating the weaknesses the individual processes have. Thus, our aim is to find if 
this is true, particularly in the case of carbon formation, which should decrease 
drastically when OCRM is used instead of DRM. 
However, there are two important issues from the viewpoint of catalyst 
development for OCRM process: 
1) The catalyst should be effective for the integrated exothermic POM reaction 
with the highly endothermic DRM reaction. This implies that the catalyst should have 
a high activity for the individual POM and/or DRM reaction. (Choudhary et al., 2006a) 
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2) The catalyst should be thermally resistant towards carbon deposition, as 
DRM is plagued by rapid deactivation from coke deposition. (Choudhary et al., 2006a; 
Pant and Stagg-Williams, 2004) 
 
Many OCRM researches have been studied over noble metals such as 
Rh/LaCoO3 catalyst (Cimino et al., 2005), Pt/Al2O3 (Tomishige et al., 2002b) and Ru-
based hydrotalcite-type precursors (Tsyganok et al., 2004). However, it is probably not 
practical due to high cost. These studies suggest that the potential catalysts for DRM 
are considerably active for OCRM as well (Choudhary et al., 2006a; Mondal et al., 
2007). Hence, Ni-based catalysts should be good alternative due to high DRM activity 
and low cost compared to those noble metals. In addition, along with the nature of the 
active DRM metal catalyst, the support also plays an important role in determining the 
catalyst performance for the OCRM process. (Souza and Schmal, 2003) 
In addition, another commonly used strategy for developing OCRM catalysts 
from coke deposition is to introduce promoters into the catalyst system (Choudhary et 
al., 2006b; Goldwasser et al., 2005; Jing et al., 2004; Tomishige et al., 2002a). The 
promoters have also been used to enhance the coupling of the exothermic and 
endothermic reactions occurring in the OCRM process.(Tomishige et al., 2003; 
Tomishige et al., 2002a) From a catalyst development point of view, accelerated 
deactivation tests involving the determination of carbon deposition rate during a CO2-
reforming only reaction could potentially provide an important indication of the long-
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2.2 Defect Theory  
 
Defects are typically classified as electronic defects and structural defects. The 
former refers to the intrinsic ionization of electrons from the valence band to the 
conduction bands to satisfy the electric neutrality condition. The latter is often 
categorized into 3 groups – point defects, line defects and plane defects. It is assumed 
that diffusion will take place via lattice sites to ensure simplicity so that a better 
understanding of the important defects which promote ionic diffusion can be achieved.  
Point defects which include the formation of vacancies (empty atom/ion sites), 
interstitials (atoms/ions in the interstices between regular atom sites) as well as the 
presence of foreign atoms can cause lattice diffusion of ionic components in the 
(Sunarso et al., 2008). Different movements of atoms/ions inside the lattice are 




Fig. 2.3. Lattice diffusion mechanisms – (a) via vacancies, (b) via interstitial sites and 
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The overall electrical conductivity of a particular inorganic compound depends 
upon the product of the concentration, charge and mobility of the respective defect 
component (ions, electrons and electron holes) according to equation (2) (Sunarso et 
al., 2008).  
 
 = ci qi i + n qee + p qhh                                                        (1) 
where   is the overall electrical conductivity; 
ci, n, p are the concentration of ions, electrons and electron holes;  
qi, qe, qh are the charge of ions, electrons and electron holes; 
i, e, h are the mobility of ions, electrons and electron holes 
 
The higher rate of oxygen diffusion will be at its maximum when the 
contribution to the total conductivity by ionic and electronic conductivity is about the 
same (Bouwmeester et al., 1996). Materials which are primarily electronic conducting 
may make good mixed conductors if they also display significant ionic conductivity. It 
is therefore desirable to maximize the product of the mobility and concentration of 
both ionic and electron charge carriers within the suitable ranges of temperature and 
oxygen partial pressure.    
Since oxygen transport within perovskite is a result of oxygen vacancies, only 
point defect in solids will be discussed.   
 Point defects are changes at atomic levels. The creation of empty regular atoms 
or ions site (or vacancies) and the presence of foreign atoms are examples of point 
defects. These structural defects lead to lattice diffusion of ionic components inside the 
crystals (Sunarso et al., 2008). Fig. 2.4 depicts different point defects in a 
homogeneous solid containing two solids in solution.  




Fig. 2.4. A schematic diagram illustrating defects in homogeneous solid containing 




Schottky disorder and Frenkel disorder are two popular point defects and they 
are illustrated in Fig. 2.5. The former occurs when a vacancy is formed because atoms 
or ions leave its regular site to become interstitial atoms or ions while the latter occurs 
when there are an equal number of cation and anion vacancies (Ropp, 2003).  
 
 a)                                                                 b) 
Fig. 2.5. Point defects in ionic crystals: a) Schottky disorder and b) Frenkel disorder 
(Source: http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_2/illustr/t2_1_2.html)  
  
Perovskites are non-stoichiometric oxides. When A- and/or B-site metal ions are 
doped with ions of different charges, oxygen vacancies are created for charge 
Chapter 2 – Literature Reviews 
25 
 
neutralization. The deficiency of oxygen caused by an excess of metals thus, bring 
about oxygen transport across the surface. As a counter-transport of electrons is 
required to maintain charge neutrality, the perovskite structure has to exhibit both ionic 
and electronic conductivity. As the conductivity of a perovskite material depends upon 
the products of their defect component concentration, charge and mobility, the relative 
concentration of ionic defects, electrons and electron holes is altered at different 
oxygen partial pressures and temperatures.  
 
2.3 Ionic Conductivities for Perovskite Structures 
 
Ionic conduction began in the early 19
th
 century when it was first discovered by 
Michael Faraday in 1839. Ionic conductivity commonly involves a cation and anion 
type of metal oxides. Additions of certain atoms into the perovskite structure alter the 
structural stability and therefore give rise to the changes in the oxygen mobility 
through the perovskite structure. The electrical conductivity in perovskite structures 
mainly arises from the outermost electrons from specific atomic sites or may also be a 
collective contribution from all the different metal atoms present in the site. In 2001 
Chemical Review (Pena and Fierro, 2001), rare earth metals containing transition ions 
exhibited different electrical properties ranging from collective d-electron behavior to 
two different regions for electrical conductivity. These modifications of perovskite 
structures would be similar to those presented in semiconductors. In the same paper, 
LnCrO3 produced a p-type extrinsic conduction upon the addition of Cr
4+
 in the 
pervoskite structure. This decreased in conductivity of the chromite oxides (Cr-O) 
maybe due to increasing the amount of Ln-O. J.Sunarso et al (Sunarso et al., 2008) 
reported that ionic conductivity was directly affected by the type of ions replacing the 
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mono framed ions in the perovskite and by modifying the ions, the oxygen atoms 
which are highly electronegative would force the neighboring metal atom mainly Ni to 
be reduced to a higher electropositive state Ni
3+
 compared to a normal Ni
2+
. Using this 
newly formed structure, Garcia et al. (2001) explained that further incorporation of 
lower valent cations into the perovskite structure would give rise to different oxygen 
ions adsorbed onto the surfaces and lattice oxygen modifications. Modifications of the 
lattice oxygen ions caused chemical and mass transport properties of such oxides to be 
directly and indirectly altered. Similarly, such changes to the surfaces lattice oxygen 
atoms would induce different types of adsorption of atoms on the surface of the 
perovskite structure. Thus, this would result in different rates of oxygen mass transfer 
rates. However as mentioned before, the incorporation of a lower valent cation 
seemingly increased the mass transfer rate as the oxygen on the lattice remained 
charged negatively but suffered structural instability as the cation imbalances would 
cause the structure to alter at high operating temperatures.  
The chemical portions upon such modification were due to the fact that in a 
LaNiO3 molecule, electrons in the La3d orbit overlapped those in the Ni2p. Conversely, 
as the modification of the perovskite structure with the La3d is being replaced heavily 
by the Sr
2+
 element, causing the change in binding energy within the structure and 
resulting in some charge changes. This change can be cited directly from Garcia et al 
whom observed a weak change of BE upon the replacement of La with Sr element.  As 
such, it is important to review some of the objectives of each of the catalyst 
characterization technique used in the experiment and associating them with the 
catalyst profile and performances.  
 
 




CHAPTER 3 Experimental 
  
In this chapter, the main experimental processes such as material synthesis, 
catalyst preparation and catalyst characterizations, as well as apparatuses utilized 
throughout this study are described in detail.  
 
3.1 Catalyst Preparation 
3.1.1 Nickel-supported catalysts 
 
Nickel-based catalyst supports were prepared by wet impregnation method. 
Firstly, metal oxides: CeO2, Y2O3, ZrO2 and La2O3 were added into a solution of 
Ni(NO3)2 which was first dissolved and stirred in amount of  DI water at room 
temperature for 2 h. Subsequently, this mixture was thoroughly dried at 100˚C 
followed by calcination in air at 600˚C for 5 h. These catalysts are designated as NiC, 
NiY, NiZ and NiL, respectively. 
 
3.1.2 Promotional alkaline-earth over Ni-La2O3 catalysts 
 
Mg-, Ca- and Sr-doped La2O3 catalyst supports were initially prepared by wet 
impregnation method. 5% by mol doped- La2O3 samples containing Mg, Ca and Sr 
were prepared and designated as MDL (Mg-Doped La2O3), CDL (Ca-Doped La2O3) 
and SDL (Sr-Doped La2O3). In terms of support preparation, 0.03 mol of La2O3 
(Nacalai Tesque, Japan) was used as a basis for calculation. Hence, based on 5% (by 
mol.) loading of promoter, approximately 0.039g of Mg(NO3)2.6H2O (Merck), 0.036g 




of Ca(NO3)2.4H2O (Sigma Aldrich), and 0.050g of Sr(NO3)2 (Sigma Aldrich) were 
each added into 1g of La2O3 (Nacalai Tesque, Japan) under strong stirring, followed by 
drying at 100 ˚C overnight and calcination at 800 ˚C under air for 5 h. 10wt% Ni was 
then supported on all these catalyst supports by wet impregnation method. 
Approximately, 1.4 g of catalyst support (La2O3, MDL, CDL or SDL) was added into a 
solution containing 0.28 g of Ni(NO3)2·6H2O (Merck) in 50 ml of deionized (DI) 
water.  The mixture was vigorously stirred at room temperature for 2 h, then dried at 
100 ˚C and subsequently calcined at 650 ˚C under air for 5 h. The resultant four 
catalysts are designated here as Ni-La2O3, Ni-MDL, Ni-CDL and Ni-SDL.  
 
3.1.3 La1-xSrxNiO3 perovskite catalyst precursors 
 
A variety of pre-cursor powders were synthesized according to the flowchart 
portrayed in Fig. 3.1. In the preparation of La1-xSrxNiO3 catalysts, La(NO3)3, Sr(NO3)3, 
and Ni(NO3)2 were mixed in stoichiometric amounts and were dissolved with DI 
water, followed by the addition of 2 moles of anhydrous citric acid. The mixture was 
stirred vigorously for 4 h and was dried at 60 C till a viscous greenish gel was formed 
(Fig. 3.2a). The gel was dried at 100 C until it became rigid and was then ground and 
heated at 350 C (at a heating rate of 3 C/min) for 1 h to decompose the remaining 
nitrate compounds. It was then calcined at 700 C (heating rate of 3 C/min) for 10 h 








3.1.4 La2-xSrxNiO4 spinal catalyst precursors 
 
 
In the preparation of La2-xSrxNiO4 catalysts, all La(NO3)3, Sr(NO3)3, Ni(NO3)2 
were mixed in stoichiometric amounts and dissolved with DI water, followed by the 
addition of 2 moles of anhydrous citric acid. The mixture was stirred vigorously for 4 h 
and was then dried at 60 
o
C till a viscous greenish gel was formed (Fig. 3.2a). The gel 
was then dried at 100 C until it became rigid foam-like and was then ground and 
heated at 350 C with a heating rate of 3 C/min for 1 h to decompose the remaining 
nitrate compounds. It was subsequently calcined at 900 C with a heating rate of 3 
C/min for 10 h. The calcined catalyst (see Fig. 3.2b) was subsequently ground for 
catalyst testing and characterization.  
 
3.1.5 La1-xSrxNi1-yMyO3 Perovskite catalysts 
 
For the catalyst preparation in Chapter 9, similar procedures prepared via sol-
gel process were conducted over La1-xSrxNi1-xMxO3 perovskite-type oxides (with x = 
0.2). All La(NO3)3, Sr(NO3)2, Ni(NO3)2 and M(NO3)3 were mixed and dissolved in DI 
water and followed by adding 2 moles citric acid to the mixture at 55 °C for 4 hours. 
The M group refers to various metals (Co, Cr, Fe, Bi and Cu) utilized in the partial 
substitution. The mixtures were then mixed and stirred vigorously until gel was 
formed. The gel was transferred to the oven for drying at 100 °C for 12 hours. After 
drying, the gel was calcined in air at temperature of 700 °C with a constant 
temperature ramp rate of 3 °C per minute for 5 hours. The calcined sample was 
allowed to cool down in the furnace to 30 C before it was subsequently ground, 




collected through a 0.125mm sieve and kept for reaction as well as sample 
characterization. 
 
Fig. 3.1. Flow chart for preparing the pre-cursor powder 
 
           
Fig. 3.2. Uncalcined (a) and calcined (b) catalysts 
La(NO3)3 Sr(NO3)2 Ni(NO3)2.6H2O M(NO3)3 
Citric acid 
Deionized water  
Green mixture 
Stirring and heating at 50 °C for 8 hours  
Viscous gel 
Dried green intermediate resin in the form of a “cup-cake” shape  
Dry in vacuum oven at 100 °C for 2 – 4 days  
Black pre-cursor powder 
Calcination at 800 °C for 5 h  
Pre-cursor powder of size ≤ 0.025 mm  









3.2 Catalyst Characterization 
The phase structure of the catalysts was characterized by XRD (Shimadzu 
XRD-6000) using a Cu target K-ray (40 kV and 30 mA) as the X-ray source. The 
scanning range (2) was from 20 to 80, with a scanning speed of 2 /min and step 
function of 0.02.  
The surface morphology was screened using the Field Emission Scanning 
Electron Microscope (JEOL JSM-6700F, SEM). Information on the sample’s surface 
topography, morphology, shape and estimated particle size was obtained. In addition, 
the presence of carbon nanotubes on the spent catalysts was also characterized by 
FESEM (Jeol JSM-6700F). The used catalysts were deposited onto a stub prior to 
platinum coating in vacuum atmosphere.  
For the STEM experiment, the carbon nanotubes on the spent catalysts were 
characterized by FE-SEM (JEOL JEM-2010) equipped with a field emission gun that 
is capable of giving a high lattice resolution. The catalysts were dispersed in ethanol 
and then dropped onto a carbon-coated 300-mesh copper grid and dried in an oven 
before observing the nickel particles against the support material.  
TEM (JEOL JEM-2010) was used to observe nickel particles size on the tip of 
carbon nanotubes over surface of supports, the used catalysts were well-dispersed with 
ethanol first, prior to dropping onto a carbon coated 300-mesh copper grid and dried in 
oven. 
XPS was used to study the oxidation state of metal species on all catalysts.  The 
XPS spectra were obtained on Shimadzu Kratos XPS spectrometer, using Al K as the 
X-ray source (1486.6 eV, 225 W).  




To characterize the reducibility of the catalysts, TPR experiments were 
performed using Quantachrome ChemBET 3000 TPD/TPR system equipped with a 
thermal conductivity detector (TCD). 35 mg of catalyst were first degassed at 350˚C 
for 1 h with dry air flushing, followed by 5% H2/N2 gas mixture at a flow rate of 50 
ml/min was passed through the sample and the TPR profiles were obtained by heating 
the catalyst from room temperature to 800˚C at a heating rate of 10˚C/min.  
Similarly, hydrogen gas chemisorption was carried out using the same 
Quantachrome ChemBET 3000 TPD/TPR system to determine the percentage 
dispersion of the reduced nickel metal as well as the size of the dispersed nickel 
particle.  Approximately, 35 mg of catalyst were degassed at 650
o
C for 0.5 h using 
hydrogen gas at a flow rate of 70 ml/min. After the catalyst was cooled down to 45
o
C, 
N2 gas was passed through the sample at the same flow rate and subsequently pulse 
titration of H2 was conducted continuously until the sample has reached surface 
saturation. 
 The textural properties of the catalysts using N2 adsorption/desorption 
measurement (Quantachrome Autosorb-1), 0.05 g of fresh catalysts were weighed and 
pelletized, and subsequently outgassed with helium gas for approximately 24 h at 250 
°C to remove the adsorbed moisture on the catalyst surface. Analysis was conducted at 
77 K with nitrogen gas as the adsorbate.   
To quantify carbon deposition after reaction, the spent catalysts were analyzed 
by TGA (Shimadzu DTG 50). About 0.035g of catalysts was heated at rate 10 C/min 
starting from room temperature to 800 C under an air flow rate of 35 mL/min, and the 
change in weight loss was monitored continuously. Through TGA, the extent of coking 
and the types of carbon deposited can be observed, as indicated by the temperature at 




which the spent catalyst sample experienced a weight loss due to the oxidation of 
carbon. 
To analyze catalysts’ surface at different reaction conditions, an in-situ FTIR 
(Perkin Elmer) with a drift cell was used to investigate the surface mechanism of the 
catalysts. The system consisting of a ZnSe window cell was cooled by a circulating 
bath at reaction temperature up to 700 C.  
 
3.3 Catalytic Activity Measurement 
 
Catalytic reactions were carried out in a micro-catalytic reactor (O.D. ¼ in).The 
catalysts were ground before they were loaded onto the reactor in which the 
temperature was controlled by a thermocouple. Before testing, the catalyst was reduced 
under the gas mixture of hydrogen and nitrogen at equal flow rates (10 ml/min) at 
650˚C for 30 min. All reactants and nitrogen gases were subsequently fed into the 
micro-catalytic reactor. Approximately, 50-80 mg of catalyst would be used for each 
run with a 1:1:1 molar ratio of CH4: CO2: N2 for DRM; 1:0.5:1 molar ratio of 
CH4:O2:N2 for POM and 1:0.75:0.25 molar ratio of CH4:CO2:O2 for OCRM. Catalyst 
tests were performed at 600-800˚C temperature at 1 atm. The gaseous products were 
analyzed using a gas chromatograph (HP 6890 series) equipped with a Porapak Q, a 
molecular sieve 5A column and a TCD detector. 
 
  




CHAPTER 4 Ni supported catalysts for partial oxidation and 
CO2 reforming of methane 
 
 
Nickel supported catalysts were successfully synthesized by simple 
impregnation method on different types of conducting metal oxides; Y2O3, La2O3, 
ZrO2 and CeO2. Characterizations of the catalysts were investigated using BET, XRD, 
H2-TPR, O2-TPD, XPS and FE-SEM. The performance of the nickel supported 
catalysts over partial oxidation of methane (POM) can be inferred to this sequence: Ni-
Y2O3 ~ Ni-La2O3 > Ni-CeO2 > Ni-ZrO2, with the highest H2 production of 80% 
(%vol.) over Ni-Y2O3 catalyst. Meanwhile, the performance of dry CO2 reforming of 
methane (DRM) can be inferred to this sequence: Ni-La2O3 > Ni-Y2O3 > Ni-CeO2 > 
Ni-ZrO2, with the highest H2 production of 60% (%vol.) over Ni-La2O3 catalyst. In this 
paper, it was clearly stated the role of oxygen species influenced the overall catalytic 
performance. The adsorbed oxygen species over Ni-Y2O3 catalyst was found to play 
more dominant under oxygen environment (POM reaction) while the surface lattice 






There is an increasing demand of syngas (synthesis gas) in both academic and 
industrial field due to its potential in many applications such as the Fischer-Tropsch 
process, (Yan et al., 2009) in which syngas is converted into a series of liquid 
hydrocarbon fuels. Syngas can be produced in many ways, such as through 




autothermal reforming (ATR), (Cao et al. 2009; Souza and Schmal, 2005; Takeguchi et 
al., 2003) dry CO2 reforming of methane (DRM) (Bitter et al., 1998; Ruckenstein and 
Hu, 1995) or partial oxidation (POM). (Berrocal et al., 2010 ; Ferreira et al., 2010; 
Lago et al., 1997; Zhu et al., 2006) Among them, POM offers the most viable 
alternative to the steam reforming. It is a mildly exothermic reaction, which produces 
H2 and CO with a more desirable H2/CO ratio of 2.0, suitable for various downstream 
processes such as Fischer-Tropsch and methanol synthesis processes.  
2CH4 + O2   2CO + 4H2      H = -36 kJ/mol  
So far, the catalysts which are reported to be active in POM reaction are noble 
metals which are active and less sensitive to carbon deposition (Bradford and Vannice, 
1999a; Sigl et al., 1999; Wang and Au, 1997) compared to non-noble metal like nickel-
based catalysts. However, the price of noble metals is quite high. Therefore, it is more 
practical to develop an improved active non-noble metal catalyst such as Ni-based. 
Therefore, many researchers have intensively studied on various methods to stabilize 
and suppress carbon formation on Ni catalysts. (Bradford and Vannice, 1999b; Gadalla 
and Bower, 1988; Zhang and Verykios, 1996) 
In addition to POM, another good candidate to be investigated in this thesis for 
syngas production is the dry CO2 reforming of methane (DRM), which uses two 
greenhouse effect gases in the reaction. Therefore, DRM reaction is considered to be 
more environmental friendly and has found great research interest recently. However, 
being an endothermic reaction, DRM would require high temperatures and may easily 
cause an agglomeration of active particles to form a bigger active size, resulting in 
catalyst deactivation. Development of DRM catalysts is still great challenges in both 
academic and industrial applications. Research have been conducted on the 
modification of catalyst supports using promoters such as K and Ca (Dias and Assaf, 




2003; Frusteri et al., 2001), which inhibits carbon formation due to the favorable 
adsorption of acidic CO2 on the basic surface sites (Chang et al., 1996), to overcome 
the deactivation associated with nickel-based catalysts.  
The effect of supports on nickel catalyst was not only found to suppress carbon 
deposition due to the decoration of the Ni surface by support species (Bradford and 
Vannice, 1996a; Zhang and Verykios, 1996) but also enhance the strong metal-support 
interfaces which would help for the promotion of catalyst activity (Bradford and 
Vannice, 1996a; Zhang et al., 1996). Although the supports have been investigated to 
influence the catalytic activity, there have been very few studies on the CO2 reforming 
of CH4 over the base metal supported on oxygen-ion conducting oxides which have 
high oxygen storage capacity and then improve catalytic stability. Therefore, the 
purpose of this present work is to elucidate the role of catalyst support on the activity 
enhancement and carbon formation over POM and DRM reactions. All parameters in 
both were controlled the same except the supporter which is varies differently; 
industrial-Y2O3, -La2O3, -ZrO2 and -CeO2. The role of the support influence different 
reducibility and oxygen adsorption/desorption properties over Ni-based catalyts has 












4.2. Results and discussion 
 
4.2.1 Characterization of Ni supported catalysts 
 
a) XRD results 
 
Fig. 4.1 shows the XRD patterns of the calcined catalysts prepared by the 
impregnation of nickel on the supports. Ni-CeO2 catalyst showed significant peaks at 
2 values of 28.4°, 32.9°, 47.3°, and 56.2°, which represented the indices of (1 1 1), 
(2 0 0), (2 2 0), and (3 1 1) planes, respectively. This showed the presence of a cubic 
fluorite structure of the Ni-CeO2 catalysts, the three major peaks at 2 values of 37.3°, 
43.3°, and 62.9°, which characterize the NiO phase, could not be seen on Ni-CeO2 
catalyst, suggesting that the NiO was highly dispersed as small NiO crystallite and was 
not large enough for XRD detection. However, this NiO phase was found over Ni-
Y2O3 and Ni-ZrO2 catalysts, indicating that not all nickel particles could be dispersed 
well in these two catalysts. For the phase structure of Ni-La2O3, it showed peaks at 2 
values of 32.3, 39.8 and 57.3 representing to perovskite structure while other peaks 
reflecting to La2O3 phase. This result shows that Ni reacts with La2O3 and exists 
mainly in the form of LaNiO3, which is consistent with the observation from 
Ruckenstein and Hu (Ruckenstein and Hu, 1996).  





Fig.  4.1. XRD patterns of nickel catalyst on industrial supports 
 
b) XPS results 
 
Fig. 4.2 shows the Ni 2p XPS spectra of the nickel supported catalysts. The 
calcined catalysts exhibited Ni 2p3/2 main peak at around 853.9 and 852.3 eV, 
respectively as compared with the reference peak of NiO at ca. 852.6 eV. This implied 
that there was an interaction between Ni and support instead of being a major 
segregated NiO phase. A careful inspection over these Ni 2p XPS results revealed that 
the Ni 2p BE of Ni supported catalysts was shown differently. The BE of Ni 2p over 
Ni-La2O3 shifted to a lower value as compared to that of other Ni supported catalysts, 
suggesting the ability of electrons transfer from La to Ni atoms which enhanced 
amounts of electron surrounding Ni atoms.   
Furthermore, from the XPS results of Ni-Y2O3 and Ni-La2O3 (Fig. 4.2) 
catalysts also showed that both supports can eventually be cooperated with Ni particle. 




Based on the observation of the absence of the NiO satellites peak at around 858-860 
eV, these results suggested that there is hardly any formation of the bond between 
nickel and surface oxygen. As a consequence, the reducibility of these two catalysts 
was expected to be easier (discussed more in H2-TPR results) comparing to the 
observation in other two catalysts such as Ni-CeO2 and Ni-ZrO2. These two Ni-CeO2 
and Ni-ZrO2 catalysts showed the presence of the NiO satellites peak at around 858-
860 eV, suggesting the formation of nickel and surface oxygen. Since the Ni 2p BE of 
Ni-CeO2 is higher than that of Ni-ZrO2, it implies that the strong interaction between 
Ni and Ce was larger than that of Ni and Zr.  
The O 1s spectra for all catalysts are presented at two major oxygen peaks at 
~528.6 eV and 532.0 eV. The first peak is attributed to the lattice oxygen species (O
2-
) 
(Carley et al., 1997; Kulkarni et al., 1995; Yamazoe et al., 1981) while the second peak 
can be distinguished into several peaks under peak sum of BE ~532.0 eV, where both 
are referred to the adsorbed oxygen species (~530.6 eV), hydroxyls species and 
carbonate (~531.6 eV), and also adsorbed water (~533.2 eV) (Fierro, 1990). From the 
O 1s spectra, different supports have different amount of both lattice oxygen and 
adsorbed oxygen species. It is very important to note that the amount of particular 
oxygen species over catalyst surface is able to imply active oxygen species involved in 
both POM and DRM reactions, which would be discussed later in catalytic 
performance results. 
  






Fig.  4.2. XPS spectra of Ni-supported catalysts: a) O 1s and b) Ni 2p 
 
















 Adsorbed water 
% BE (eV) % BE (eV) % BE (eV) % BE (eV) 
Ni-CeO2 70.77 529.1 14.88 530.7 14.3 531.7 - - 
Ni-ZrO2 71.6 529.7 - - 21.1 531.3 7.3 532.5 
Ni-La2O3 14.1 528.9 27.1 530.6 41.5 531.3 17.34 532.3 
Ni-Y2O3 30.21 529.1 18.61 530.8 33.1 531.6 17.99 532.5 
b) Ni 2p3/2 Satellite 








Binding Energy (eV) 




c) H2-TPR results 
 
 
Fig. 4.3 shows the reduction profile of the Ni supported catalysts carried out by 
Temperature-programmed reduction (TPR) measurements. All samples showed 
different reduction properties, implying the difference of an interaction between NiO 
and supports. For example, in Ni-La2O3, the first peak at around 380-400 C was 
attributed to the reduction of the amorphous NiO. Meanwhile, the broad peak at 
temperature > 500 C was attributed to the reduction in Ni2+ ions which had strong 
interaction with the support. Since Ni
2+
 was doped over La2O3 support, there was the 
formation of an interaction between NiO and support and hence become harder to be 
reduced. This formation of strong interaction is due to the formation LaNiO3 and/or 
La2NiO4 formed during calcination process.  
For Ni-ZrO2 catalyst, it shows one maxima reduction peak at ~430 C with 
small reduction peak at ~560 C. This observation is consistent with Roh et al. (Roh et 
al., 2002) and García et al. (García et al., 2009)  A similar H2-TPR pattern was also 
observed in Ni-Y2O3. It showed that the reduction process is in between 400-580 C. 









Among all the catalysts, only a small amount of Ni on Ni-CeO2 catalyst could 
be reduced at lower temperature (~350C), implying that the reduction ability of Ni-
CeO2 was low. This result suggested that Ni and CeO2 formed the strongest interaction 
among all the catalysts.  





Fig. 4.3. TPR results of nickel supported catalysts 
 
d) O2-TPD results 
 
 
Fig. 4.4 shows the O2-TPD results characterizing the difference in O2 
adsorption/desorption ability of Ni supported catalysts. There is a difference in O2 
adsorption/desorption ability over these Ni-supported catalysts. The distinguished 
peaks of oxygen species were observed at two different temperature ranges. The broad 
peak observed at ~300-600 C over Ni-Y2O3 catalyst was attributed to oxygen 
adsorbed by the surface oxygen vacancies, designated as α-oxygen (Zhao et al., 1996). 
Meanwhile, the peak observed at high temperatures at 600-800 C has been designated 
as -oxygen species associated with the lattice oxygen from the bulk (Merino et al., 
2005; Zhao et al., 1996) was not shown as evidently as in Ni-La2O3 catalyst. In fact, it 
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properties of the gas phase from the bulk to the surface and hence may lead to the 
enhancement of the catalytic activity at higher temperature which will be discussed 
later in the activity part. 
Interestingly, there were no α-oxygen and -oxygen peaks appeared over the 
highly-oxygen storage Ni-CeO2 and Ni-ZrO2 catalysts although both Ni-ZrO2 and Ni-




 on catalyst surface. This suggests that rate of 
oxygen diffusion over these two catalyst surfaces was very slow, which may attribute 
to the strong interaction between Ni and surface oxygen of these supports (as shown in 
H2-TPR results).    
 














e) Surface properties  
 
Table 4.2 shows the physico-chemical properties of the Ni supported catalysts, 
consisting of the specific surface area and pore size determined by BET method. The 
BET surface area of the impregnated nickel metal on CeO2 support has the highest 
surface area as compared to Ni-Y2O3, Ni-La2O3 and Ni-ZrO2 catalysts, respectively. In 
addition, the average pore size of these Ni catalysts is in this sequence: Ni-Y2O3 > Ni-
La2O3 > Ni-CeO2 > Ni-ZrO2. Although high catalytic activity is expected with the 
catalyst having high surface area, it will be shown later that it is not the case. This 
result indicates that the surface areas have no significant relationship with the catalyst 
performance.  
 















Ni particles size* 
(nm) 
Ni-CeO2 125.4 53.17 150.0 16 
Ni-Y2O3 23.6 10.15 172.4 20 
Ni-La2O3 17.0 7.23 170.4 18 
Ni-ZrO2 3.9 1.46 146.2 20 
*measured by TEM  
 
4.2.2 Catalytic test: partial oxidation of methane (POM) 
  
Fig. 4.5 shows the effect of catalyst supports on the catalytic POM 
performance. Both methane conversion and production yields increase with increase of 




reaction temperature in all catalysts. The best performing catalyst at temperature of 
600-750 C is Ni-La2O3, while the best performing catalyst at 800 C is Ni-Y2O3 
followed by Ni-ZrO2 and Ni-CeO2 catalysts, respectively. Although Ni-CeO2 catalyst 
has the highest surface area (see Table 4.2) among these catalysts, it clearly showed 
that the surface area did not play a significant factor in influencing the catalytic POM 
performance. 
Based on the above considerations, the catalytic POM performance can be 
inferred to be in this sequence: Ni/Y2O3 ~ Ni/La2O3 > Ni/ZrO 2 > Ni/CeO2 and the 
conversion was increased with increasing reaction temperature in all catalysts, due to 
the faster reaction rate at higher temperature (Nishimoto et al., 2002; York et al., 
2003). At higher temperature, the main reaction was POM together with WGS 
reaction. This could be confirmed by the value of H2/CO > 2. At the lower 
temperature, the main reaction was related to combustion reaction together with POM. 
From our observation, the best two catalysts were shown over Ni-Y2O3 and Ni-La2O3. 
It was believed that the presence of only Ni 2p3/2 peak plays an important role to the 
catalytic performance over that containing a mixture of Ni 2p1/2 and Ni 2p3/2 as well as 
the presence of oxygen adsorption/desorption peak over these two catalysts (see Fig. 
4.2).  Moreover, it was also believe that the presence of additional O2-TPD peak over 
these two catalysts involves in the catalytic activity, resulting in high H2 production 












        
Fig. 4.5. H2 production performance of nickel supported catalysts (mole ratio of CH4: 




























































Fig. 4.6 shows that the H2 production over nickel based catalysts can be 
inferred to be in this sequence: Ni-Y2O3 > Ni-La2O3 > Ni-ZrO2 > Ni-CeO2; but this 
sequence is not applicable for CO production as Ni-La2O3 has the highest value of CO 
(by %vol.), followed by Ni-ZrO2, Ni-Y2O3 and Ni-CeO2. The trend of CO production 
was likely to decrease with time, suggesting that CO was consumed during reaction. 
For example, CO can involve in water gas shift reaction (WGS: CO + H2O  CO2 + 
H2) and involve in boudouard reaction (2CO  C* + CO2). However, it would 
possible that the WGS was more favorable than Boudouard reaction since there was 
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Fig.  4.6. H2 and CO production performance of nickel supported catalysts at 








Fig. 4.7 shows the TGA results characterizing that carbon deposition formed 
onto catalyst surface. There was no weight loss at 500-600 C assigned to carbon 
formation, suggesting that all Ni supported catalysts show highly stable for POM 
reaction. Surprisingly, a weight increase observed on Ni-CeO2 is attributed to the 
consequence of the re-oxidation of the active phase (Tsipouriari et al., 1998). 
Moreover, as observed in Fig. 4.7, substantial weight loss at around 700-800 C was 
found over Ni-La2O3 catalyst. This could be attributed to due to the dissociation of 





















Fig. 4.7. TGA results of nickel supported catalysts after POM reaction at 800C 
 
4.2.3 Catalytic stability via POM 
 
 
           Fig. 4.8 shows the catalytic POM stability over the best two catalysts: Ni-Y2O3 
and Ni-La2O3. The result shows that Ni-La2O3 catalysts exhibited excellent stability 
which is consistent with those observed by Tsipouriari et al. (Tsipouriari et al., 1998) 
Through detailed catalyst characterization, it has been concluded that the metallic 
nickel (Ni
0
) and lanthanum oxycarbonate (La2O2CO3) are phases that promote catalyst 
activity and stability (Tsipouriari and Verykios, 2001). In addition, Fig. 4.8 shows the 
oscillations on some hydrogen yield curves. These oscillations are caused by the 
repetitive oxidation and reduction cycles of nickel surface, resulting in a 
transformation of the formation mechanism of carbon monoxide from the reaction 
between C and O to the direct reduction of nickel oxide (Ren et al., 2008). 





Fig. 4.8. Catalytic stability of Ni-La2O3 and Ni-Y2O3 catalysts during POM reaction at 








In summary, after focusing on catalytic performance, understanding the 
reaction mechanism is important to explain some reaction phenomenon occurring 
during POM. Based on the experimental results under Campbell et al.(Campbell et al., 
1993), the catalysts with NiO phase provided lower activity than Ni metal surface. 
Moreover, methane can easily dissociate in CHx species on a reduced nickel-
containing catalyst. The reaction pathway for POM reaction is actually categorized 
into two: one is via combustion-reforming reaction and the other is via direct POM 
reaction. According to our catalytic results, our reaction mechanism most probably 
occurs via the second pathway as the oxygen feed applied is half of the methane feed 
flow rate. Moreover, at high reaction temperature, the direct POM is more preferable 
than combustion-reforming reaction. 
 
 




4.2.4 Catalytic test: dry CO2 reforming (DRM) 
 
Fig. 4.9 shows catalytic DRM performance over Ni supported catalysts. Both 
CH4 and CO2 conversions and syngas production were found to increase with an 
increase of reaction temperature in all catalysts. The best performing catalyst is Ni-
La2O3, while the next best performing catalyst is Ni-Y2O3, Ni-CeO2, and Ni-ZrO2, 
respectively. The highest conversions over Ni-La2O3 would be due to the highest 
accessible lattice oxygen participated in the reactants activation at high temperature, 
which was in agreement with recent works.(Bradford and Vannice, 1996a, b) They 
have reported that lattice oxygen can promote decomposition of CHxO intermediates 
which is one of the proposed slow kinetic steps in DRM over supported Ni catalyst, as 
a result, both methane and CO2 conversions were enhanced.  
From this section, it would show that the DRM performance could be promoted 
by the usage of oxygen-ion conducting materials. However, different supports 
influenced different catalytic behavior. From previous observation, the effect can be 
ascribed in part to the promotion of both CH4 dissociation and CO2 
dissociation/reduction by interfacial active centers (Bradford and Vannice, 1997). 
 






Fig. 4.9. H2 production (in %volume) versus reaction temperature for carbon dioxide 
































































Fig. 4.10 shows the hydrogen production (%vol.) and H2/CO value of the 
catalysts for DRM at 800 C for 4 h. The result is in this sequence: Ni-La2O3 > Ni-
Y2O3 > Ni-CeO2 > Ni-ZrO2. Even though the BET surface area of the Ni-CeO2 catalyst 
was the highest, its catalytic performance was found not to be the best. Hu and 
Ruckenstein (Hu and Ruckenstein, 2004) reported that CeO2 is not a suitable support 
for Ni catalyst due to the strong interaction between Ni and Ce, resulting in the 
reduction of the catalytic activity of Ni. However, adding CeO2 in the support such as 
Ni-Al2O3 catalyst as a promoter can enhance the catalytic performance.(Wang and Lu, 
1998; Xu et al., 1999) Using CeO2 as a promoter can reduce the strong interaction 
between Ni and Al, hence increasing the reducibility of the nickel oxide and nickel 
dispersion. Moreover, CeO2 can also react directly with carbon-containing species to 
produce CO and finally be re-oxidized from CeOx to CeO2 in the presence of CO2.  
For the highest catalytic activity over Ni-La2O3, it was possible to conclude that 






) was involved in the reaction either 
in catalytic conversion or in catalytic stability. This was consistent with previous work 
by Islam et al. (Islam et al., 1994) The formation of oxygen species in methane 
oxidation on La2O3 catalyst supposed to be responsible for methane activation on this 
material (Dissanayake et al., 1993). However, too much of oxygen was accompanied 
by a difficulty of surface reoxidability (Yamazoe and Teraoka, 1990), resulting in a 
less active catalyst.  
Fig. 4.10 (b) shows that H2/CO value of the DRM catalysts. Generally, DRM is 
endothermic reaction producing synthesis gas produced with the H2/CO ratio of 1. 
However, this DRM reaction is accompanied by the simultaneous occurrence of the 
reverse water-gas shift reaction (Eq. 1). Therefore, the H2/CO production ratio is 
usually less than 1 for DRM. 




CO2 + H2 → CO + H2O,  ∆Hº298K=  41kJ/mol
-1
     (Eq. 1) 
More observed in Fig. 4.10, Ni-La2O3 showed higher DRM activity than other 
catalysts (except for Ni-Y2O3 for CO production), showing that La2O3 is able to be 
used as a catalyst support and promoter. Many researchers have also observed the good 
performance of Ni-La2O3 catalyst over DRM or POM reaction. Our catalysis results 
also show that Ni-La2O3 exhibited higher activity and long-term stability, which is in 







































Fig.  4.10.  Hydrogen production and H2/CO value over nickel supported catalysts via 








  Generally, carbon deposition can occur on non-noble catalysts, such as Co, Fe 
or Ni at temperatures above 623 K.  Since the active catalyst used in this study was 
nickel, it is not surprising that carbon was formed on the nickel catalyst during the high 
temperature reaction. This could be confirmed by FESEM results (Fig. 4.11) that the 
carbon could be formed over Ni- catalysts’ surface during catalytic reaction, resulting 
in deactivation of catalysts. The carbon formation can take place via two pathways 
(Eqs. 2 and 3) (Bartholomew, 1982). 
 CH4 decomposition:   CH4 = C + 2H2   (Eq. 2) 
 CO disproportionation:  2CO = C + CO2   (-172 kJmol
-1
) (Eq. 3) 
Since the active catalyst used in this study is nickel, it is not surprising that 
























       
        
Fig.  4.11. SEM images of nickel supported catalysts after dry (CO2) steam reforming 
reaction at 800C: a) Ni-CeO2, b) Ni-ZrO2, c) Ni-La2O3 and d) Ni-Y2O3 
 
Fig. 4.12 shows the weight of carbon formed after DRM reaction by TGA 
analysis. All the used catalysts showed a decrease in weight at 500-600 C. The lowest 
amount of carbon formed was shown over Ni-ZrO2 catalyst. However, this catalyst did 
not show the most prominent catalytic performance as compared to other Ni-supported 
catalysts. This could then be the factor leading to the lower amount of carbon formed 
during DRM reaction. However, the lower amount of carbon deposition on Ni-La2O3 
catalyst surface was found to be lower, while the weight loss of carbon formed on Ni-
Y2O3 catalyst surface showed the highest. These results correspond to the catalytic 
performance and FESEM results mentioned above. Ni-La2O3 catalysts showed weight 
loss at 680 C, attributed to the formation of La2O2CO3 by the interaction between 
La2O3 support and CO2 during reaction (Becker and Baerns, 1991; Squire et al., 1994). 













finally finished at 650 C. This is because of the presence of amorphous carbon, 
followed by the burning of carbon nanotube. These results are agreement with FESEM 
image of Ni-Y2O3, which showed some carbon tubes onto surface. 
Since carbon deposition can be formed by methane dissociation (CH4  
C+2H2) and Boudouard reaction (2CO  C + CO2), increase of base strength on the 
catalyst surfaces enhances CO2 adsorption and hence suppress carbon formed during 
reaction. Accordingly, the equilibrium of Boudouard reaction will move towards the 
left, which will promote CO formation with simultaneously remove carbon deposition 
on the catalyst surfaces. This indicates that the formation of La2O2CO3 compound on 
the catalyst surface plays an important role for catalytic stability. 
 
       











Nickel supported catalysts were successfully synthesized using a simple 
impregnation method. Among them, Ni-CeO2 has the highest surface area, followed by 
Ni-Y2O3, Ni-La2O3, and Ni-ZrO2. However, the reaction results show that the highest 
surface area of Ni-CeO2 is not the most significant factor for catalytic DRM 
performance. The hydrogen production over POM reaction is inferred to this sequence: 
Ni-Y2O3 ~ Ni-La2O3 > Ni-ZrO2 > Ni-CeO2. The highest H2 production (%vol.) could 
be achieved at ~60% over Ni-Y2O3 catalyst, followed by at ~59% over Ni-La2O3 
catalyst. Meanwhile, the hydrogen production over DRM reaction is found to be in this 
sequence: Ni-La2O3 > Ni-Y2O3 > Ni-ZrO2 > Ni-CeO2. 
The role of catalyst supports (La2O3, Y2O3, ZrO2 and CeO2) on the catalytic 
activity and carbon formation has been elucidated over POM and DRM reactions. Ni-
Y2O3 catalyst is found to show better catalytic performance for POM (>700 °C), 
whereas Ni-La2O3 catalyst is found to be superior in terms of activity and stability for 
DRM as compared to other commercial supports. In this study, it was clearly showed 
that the role of oxygen species influenced the overall catalytic performance. The 
adsorbed oxygen species was found to be more dominant under oxygen environment 
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CHAPTER 5 Promotional effect of alkaline earth over Ni-
La2O3 catalyst for CO2 reforming of CH4: Role of surface 
oxygen species on H2 production and carbon suppression  
 
 
Alkaline earth elements (Mg, Ca and Sr) on Ni-La2O3 catalyst have been 
investigated as promoters for syngas production from dry CO2 reforming of methane 
(DRM). The catalysis results of DRM performance at 600 °C show that the Sr-doped Ni-
La2O3 catalyst not only yields the highest CH4 and CO2 conversions (~78% and ~60%) 
and highest H2 production (~42% by vol.) but also has the lowest carbon deposition over 
the catalyst surface. The XPS, O2-TPD, H2-TPR and FTIR results show that the excellent 
performance over the Sr-doped Ni-La2O3 catalyst is attributed to the presence of a high 
amount of lattice oxygen surface species which promotes C-H activation in DRM reaction, 
resulting in high H2 production. Moreover, these surface oxygen species on the Ni-SDL 
catalyst can adsorb CO2 molecules to form bidentate carbonate species, which can then 
react with the surface carbon species formed during DRM, resulting in higher CO2 
conversion and lower carbon formation.  
   
5.1 Introduction 
 
The utilization of greenhouse gases such as CH4 and CO2 to produce hydrogen and 
syngas are becoming more and more attractive for CO2 utilization (Hu, 2009; Rezaei et al., 
Chapter 5- Promotional effect of alkaline earth over Ni-La2O3 catalyst for CO2 reforming  






2008; Song, 2002, 2006; Valderrama et al., 2008; Zhao et al., 2008). The process of dry 
carbon dioxide reforming of methane (DRM) has received considerable attention in recent 
years as it constitutes a very attractive route for the conversion of the two low-cost 
products which can be used for the production of liquid hydrocarbons in the Fischer–
Tropsch synthesis (Botes et al., 2009; Guerrero-Ruiz et al., 1998; Yan et al., 2009). 
Conversion to various forms of liquid hydrocarbons has helped to prevent infrastructural 
limitations for transporting liquid hydrocarbons from remote sources to the consumers or 
in the production of methanol. In addition, CH4 and CO2 cause serious environmental 
problems like global warming, thus constituting the merits of DRM reaction.  
However, DRM also has some drawbacks compared to other industrial reactions. 
DRM is not practiced on a commercial scale at the moment due to its limitations such as 
high endothermicity, low kinetics and formation of carbon deposits on the catalyst via two 
common reactions occurring during DRM:  methane decomposition (CH4→C+ 2H2) and 
Boudouard reaction (2CO→C+CO2). Carbon deposition causes catalyst deactivation and 
plugging of the reactor (Bitter et al., 1998; Cid et al., 1999; Huang et al., 2000; Zhang et 
al., 1996). From an industrial point of view, it is very important to develop cheap and 
economical catalysts which are resistant to carbon formation and exhibit high reactant 
conversion to products. Therefore, the development of DRM catalyst becomes a major 
aspect of research in this area.  
Active noble metal catalysts are known to be less sensitive to carbon deposition 
and show high DRM activity (Bradford and Vannice, 1999; Sigl et al., 1999; Wang and 
Au, 1997) compared to nickel-based catalysts. Since noble metals are expensive, it is more 
practical and economical to improve the activity and stability of non-noble metal catalyst 
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(such as Ni-based catalyst). Ni-based catalysts are active for DRM but rapidly deactivate 
due to carbon formation (Liu et al., 2008). Therefore, many researchers have intensively 
studied various methods to stabilize and suppress carbon formation on Ni catalysts. 
The addition of alkaline earth to nickel catalysts has been reported to improve both 
the activity of the catalyst and suppression of carbon formation. Ruckenstein and Hu 
(Ruckenstein and Hu, 1995) studied DRM over nickel/alkaline earth metal oxide catalysts 
and found that the reduced Ni-MgO catalyst had the highest activity in DRM due to the 
strong metal-support interaction (SMSI) which resulted in highly-dispersed Ni particles. 
This was also reported in a subsequent study by another research group (Bringmann and 
Dinjus, 2001), whereby the formation of a stable interaction phase of MgO-NiO/ZrO2 led 
to the increase in Ni dispersion and hence enhanced activity. However, due to the strong 
interaction between Ni and Mg, the reaction temperatures required for these two catalysts 
were very high (> 800 °C). Dias and Assaf (Dias and Assaf, 2003) reported the influence 
of Ca content in Ni/CaO/-Al2O3 catalysts, showing that Ca could enhance thermal 
stability and suppress carbon deposition; however, excess of Ca caused the decrease of 
catalytic activity. 
Some Ni-based catalysts promoted by lanthanide group elements (such as La2O3), 
showed considerable enhancement of catalytic performance without rapid deactivation by 
carbon deposition. Lucrédio et al. (Lucrédio et al., 2007) used La2O3 or CeO2 as 
promoters to enhance metallic dispersion and minimize carbon formation.  Rezaei et al. 
(Rezaei et al., 2008) also found that the addition of basic promoters such as La2O3 could 
enhance not only the interaction between metallic species and catalyst support, but also 
the basicity of catalysts, hence improving the activity and stability of nickel catalysts.  
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However, up to now, the promotional effects of Mg, Ca and Sr on Ni-La2O3 
catalysts over DRM reaction have not been reported yet. Due to the potential functionality 
of Mg, Ca and Sr as co-catalyst support, these metals have been investigated in this study 
for their promotional effects on the Ni catalyst supported on basic La2O3. Moreover, the 
understanding on the role of promotional alkaline earth in enhancing the oxygen 
adsorption/desorption ability at different temperatures as well as the amount of oxygen 
surface species has been elucidated in this study.  
 
5.2 Results and discussion 
 
5.2.1 Phase structure of supports and Ni catalysts 
 
Fig. 5.1 shows the XRD patterns of catalyst supports and Ni catalysts before and 
after DRM reaction. As shown in Fig. 5.1(i), all catalyst supports mainly show hexagonal 
phase of La2O3 oxide. When La2O3 is doped with alkaline earth metal, no additional 
diffraction peak characterizing La2MOx (M = Mg, Ca and Sr) could be clearly observed. 
This result implies that all of these alkaline earth metals were highly dispersed as small 
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Fig. 5.1. XRD patterns of supports, fresh and spent catalysts: a) Ni-La2O3, b) Ni-MDL, c) 
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Fig. 5.1(ii) shows the XRD results of Ni catalysts. The characteristic hexagonal 
phase of La2O3 was observed in all catalysts. This indicates that Ni was highly dispersed 
on the catalyst support and hence could not be obviously detected by XRD. However, 
there are some additional peaks appearing at 32.3 and 57.3 which represent the 
perovskite structure. The formation of LaNiO3 perovskite structure could possibly be due 
to an interaction of Ni with La2O3 to form LaNiO3 during high temperature calcination 
process. This was also confirmed by our H2-TPR results which are in good agreement with 
previous observation by Hu and Ruckenstein (Hu and Ruckenstein, 1996). 
Fig. 5.1(iii) shows the XRD results of spent catalysts after DRM reaction. The 
used catalysts mainly contained La2O2CO3 due to the CO2 adsorption on catalyst supports 
(La2O3, MDL, CDL and SDL) which act as active sites for CO2 adsorption. As a result, 
La2O2CO3 can be easily formed during DRM reaction (CO2 + La2O3  La2O2CO3).  
 
5.2.2 Surface Properties of Ni Catalysts  
 
5.2.2.1 XPS analysis of Ni-based catalysts 
 
Fig. 5.2a shows the O 1s XPS results over Ni-doped La2O3 catalysts. The XPS 
spectra exhibit similar peaks showing the broad doublet peaks in all catalysts. The first 
peak at around 528.9-529.1 eV was attributed to the oxygen ions in the crystal lattice (O
2-
) 
(Carley et al., 1997; Kulkarni et al., 1995; Merino et al., 2006; Yamazoe et al., 1981) 
while the second peak at around 532 eV could be distinguished into several peaks, which 
are referred to adsorbed oxygen species (~530.6 eV) (Yamazoe et al., 1981), hydroxyl and 
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carbonate species (~531.6 eV), as well as adsorbed water (~533.2 eV) (Fierro, 1990). 
However, the BE position for both peaks was different on each of alkaline earth doped Ni-
La2O3 catalyst. The BE value of the first peak of the Ni-SDL catalyst was lower than those 
of the Ni-CDL, Ni-MDL and undoped Ni-La2O3 catalysts, showing that Sr donated more 
electrons to oxygen species. As a result, the BE of O
2-
 ions in the crystal lattice of Ni-SDL 
catalyst was shifted to the lower value as compared to the other catalysts. The 
quantification of each surface oxygen species was calculated as shown in Table 5.1. From 
Fig. 5.2a and Table 5.1, the results suggest that the amount of lattice oxygen species on 
La2O3 support could be significantly increased by the addition of Sr. Due to the imbalance 
of oxidation state between Sr (2+) and La (3+) site, oxygen vacancies were created, 





(Teraoka et al., 1988). On the other hand, the BE value of the second peak for Ni-SDL 
catalyst was shifted to a higher value, indicating that the OH
-
 ion could possibly transfer 
some of its electrons to Ni.  
Fig. 5.2b shows the Ni 3p XPS spectra of doped catalysts. The BE of Ni 3p3/2 
decreased mostly with the addition of Sr as compared with Ni-MDL and Ni-CDL, 
suggesting that there was a significant electron transfer from Sr to Ni. As a result, the 
nickel on Ni-SDL catalyst could accept more electrons and hence the Ni 3p BE shifted 
towards a lower value. 
 From the XPS results, the highest amount of surface lattice oxygen was found 
over Ni-SDL catalyst, suggesting that there was electron transfer from Sr(+2) to La(+3), 
resulting in more accessible oxygen lattice (O
2-
) on this catalyst. Even though both Sr and 
La have the ability to donate electron to O, Sr prefers to give more electrons to both La 
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and O due to the lower electronegativity value of Sr as compared to La; hence, the ability 
to donate electron from Sr to other elements such as La and/or O is possible. This result is 
consistent with an earlier report by Tang et al. (Tang et al., 2000) who reported on the 
effect of Sr in the spinel structure of lanthanum nickelate. Furthermore, the XPS Ni 3p 
results show that the BE over Ni-SDL was shifted to the lowest binding energy due to the 
fact that Ni was surrounded with more electron-rich oxygen species in the presence of 
electron-donating Sr. The electron transfer occurred not only from the electron-donating 
Sr to Ni, but also from the electron-rich O to Ni. As a consequence, the BE of Ni 3p over 
Ni-SDL catalyst was shifted to the lowest value. This observation is in agreement with the 
literature. For example, the presence of an additional metal, such as Fe, promoted the 
charge transfer from the O atom to the Ni state (Erat et al., 2009). In addition, the 
phenomena of electron transfer between other metals and Ni were also found in other 
catalysts, such as Au-Ni/Al2O3 (Nikolaev and Smirnov, 2009), Ni-doped titanium (Du et 
al., 2009; Shu et al., 2009; Yuan et al., 2008), and Mo-NiO/Al2O3 (Maluf and Assaf, 
2009).  
Table 5.1 Amount of each surface oxygen species 
Catalysts 
Amount of oxygen species 




% BE (eV) % BE (eV) % BE (eV) % BE (eV) 
Ni-La2O3 
 
12.1 528.9 27.1 530.8 43.5 531.3 17.3 533.0 
Ni-MDL 15.6 529.1    31.0 530.8 43.0 531.3 10.4 529.9 
Ni-CDL 15.7 528.9 29.1 530.8 39.2 531.3 16.0 529.8 
Ni-SDL 18.1 528.7 30.1 531.0 41.8 531.6 10.0 533.0 
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Fig. 5.2. XPS profiles over Ni-doped La2O3 catalysts: a) O 1s and b) Ni 3p 
 
5.2.2.2 O2-TPD analysis of catalyst supports 
 
The XPS result in Fig. 5.2a on the role of surface oxygen species over the Ni-
La2O3, Ni-MDL, Ni-CDL and Ni-SDL catalysts leads us to investigate further on O2 
adsorption/desorption properties over pure supports alone to observe the ability of these 
catalysts on O2 adsorption/desorption. Fig. 5.3 shows the O2-TPD results of doped La2O3 
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undoped-supports. A small peak is observed over the desorption profile of pure La2O3, 
indicating that La2O3 has less significant O2 adsorption/desorption ability. However, there 
is an obvious desorption peak on the doped-La2O3 support, implying that the 
adsorption/desorption ability of oxygen over La2O3 can be significantly improved by 
doping Mg, Ca and Sr. In particular, the O2 desorption peaks of the three doped catalysts 
fall in the range of  650-800 °C, which is the range of reaction temperatures for DRM, 
leading us to suggest that the oxygen species available on the catalyst supports can 
promote catalytic activity and enhance hydrogen production as reported in our previous 
works (Sun et al., 2008; Wu and Kawi, 2009). 
The desorption peak at lower temperature has been assigned as the α-oxygen 
species (Ferri and Forni, 1998; Kaliaguine et al., 2001; Royer et al., 2004) which are 
oxygen species chemisorbed on the surface. The peak intensity of this α-oxygen species 
varied with the type of doped alkaline earth. Meanwhile, the peak observed at 
temperatures beyond 800 °C has been attributed to the β-oxygen species released from the 
bulk of the structure (Ferri and Forni, 1998; Kaliaguine et al., 2001; Royer et al., 2004). 
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Fig. 5.3. O2-TPD profiles characterizing O2 adsorption/desorption of catalyst supports 
 
5.2.2.3 H2-TPR analysis of Ni-based catalysts 
 
Fig. 5.4 shows the reduction profile of the Ni-based catalysts. The undoped 
catalyst (Ni-La2O3) shows two reduction peaks. The first peak is attributed to the 
reduction of segregated NiO phase to metallic Ni phase while the second peak is attributed 
to the reduction of Ni
2+
 to metallic nickel. The reduction of Ni
2+
 to metallic Ni phase at 
high temperature shows the strong interaction between Ni
2+
 and the catalyst supports due 
to the formation of LaNiO3 phase during high temperature calcination. 
Among all catalysts, only a small amount of Ni on Ni-MDL catalyst could be 
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temperature. This result suggests that Ni and Mg formed the strongest interaction among 
all catalysts. 
Fig. 5.4 also shows the order of the onset reduction temperature of Ni-based 
catalysts as follows: Ni-La2O3 > Ni-MDL > Ni-CDL > Ni-SDL. The lowest onset 
reduction temperature was observed on the Ni-SDL catalyst, suggesting that Ni-SDL has 
the highest oxygen mobility on the catalyst surface. A similar finding on the effect of 
reduction temperature on the surface oxygen mobility has been reported in our previous 
studies (Sun et al., 2008; Wu and Kawi, 2009).  
 
Fig. 5.4. H2-TPR results over Ni-doped La2O3 catalysts  
 
The Ni particle size after reduced under H2 atmosphere was measured by STEM 
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on the La2O3 support. However, the Ni-MDL catalyst showed higher amount of very fine 
particles of metallic nickel (~8-10 nm), suggesting that Mg and Ni had a strong interaction 
with each other, resulting in the formation of  fine nickel particles during the reduction 
process. The strong interaction between Mg and Ni has also been observed in the literature 
(Bringmann and Dinjus, 2001; Ruckenstein and Hu, 1995). This result is also in good 
agreement with the H2-TPR pattern over Ni-MDL (as shown in Fig. 5.4) which was 
difficult to be reduced. For the Ni-SDL and Ni-CDL catalysts, the particle sizes of 
metallic nickel were observed to be slightly bigger than those in Ni-La2O3 and Ni-MDL.   
 
Table 5.2 Effect of Mg, Ca and Sr on Ni-La2O3 on catalytic conversions and carbon 
formation in DRM reaction at 600 °C  
 
*measured by STEM after H2 treatment at 650 °C 
 
In general, the active nickel particle sizes were related to the catalytic activity of 
all catalysts. Since Ni-MDL has the smallest particle size, Ni-MDL was expected to have 
Catalysts 
Ni particle size* 
(nm) 
Conversion (%) Weight loss 
(gC/gCat .h) 
CH4 CO2 
Ni-La2O3 12-15 68.6 47.4 0.08 
Ni-MDL 8-10 37.1 33.3 0.01 
Ni-CDL 12-15 76.1 50.0 0.05 
Ni-SDL 12-15 78.6 59.5 0.04 
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the highest DRM performance with high CH4 and CO2 conversions; however, it will be 
shown later that the effect of nickel particle sizes is not the most important factor on the 
DRM performance at low temperature (600 °C).  
 
5.2.2.4 FTIR analysis of Ni-based catalysts 
 
Fig. 5.5 shows the FTIR spectra of CO2 adsorption over all catalyst supports. The 
FTIR spectra exhibited similar pattern. The observed bands at 1753, 1421, 1088 and 858 
cm
−1
 could be attributed to the La2O2CO3 species, resulting from the reaction between the 
support and CO2. Moreover, the presence of broad peaks with strong absorbance at ~1420-
1470 cm
-1
 was observed on all supports. These peaks are due to the deformation and anti-
symmetric stretching of uni-dentate carbonate formed by the interaction of CO2 with the 
basic supports (Yang et al., 1994).  
However, Fig. 5.5 shows that the Sr-doped catalyst support has the strongest 
intensity of IR band at 1080 and 861 cm
-1
, suggesting the formation of a strong interaction 
between CO2 and the catalyst supports to form bidentate carbonate which could not be 
found over La2O3, MDL and CDL catalyst supports. Moreover, the SDL catalyst support 
has the strongest IR band at 1753 cm
−1
 which corresponds to the >C=O group of bidentate 
carbonate species, showing that the SDL catalyst support had the highest basicity in terms 
of basic strength and amount of bidentate carbonate compound.   
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Fig. 5.5. FTIR spectra characterizing CO2 adsorption on catalyst supports 
 
5.2.3 Effect of alkaline earth metal on catalytic DRM performance  
 
Fig. 5.6 shows the effects of reaction temperatures on the catalytic DRM 
performance over Ni-La2O3, Ni-MDL, Ni-CDL and Ni-SDL. The overall conversions 
(CH4 and CO2) and H2 production increased with increasing reaction temperatures from 
600 to 800 °C. However, the reaction occurring at 600 °C is of more interest as the 
catalytic activity at 600
 
°C has obvious differences in catalyst performance (as also shown 
in Table 1). At 600
 
°C, the undoped catalyst (Ni-La2O3) showed ~65% and ~49% of CH4 
and CO2 conversions, and ~33% of H2 production (by %Vol.). With Mg doping, the 
performance dropped to ~35% for CH4 conversion and only 30% for CO2 conversion. 
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compared to the undoped catalyst and Mg-doped catalyst. The Sr-doped catalyst gave the 
highest DRM performance, with CH4 and CO2 conversions of ~78% and ~60%, 
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Fig. 5.6. Effect of reaction temperature on DRM conversions: a) CH4 conversion, d b) 
CO2 conversion and c) H2 production (%Vol.) 
 
The reaction temperature reported in the literature is generally higher than 600 °C, 
but the reaction temperature used in our study is 600 °C. For comparison with the 
previously published results, the Ni-SDL catalyst, which is found to be the best catalyst in 
our study, was also performed at the reaction temperature > 600 °C. In addition, the Ni-
SDL catalyst also has better DRM conversions at 700 °C than the literature results 
(García-Diéguez et al., 2010; Kambolis et al. 2010; Wang et al., 2009; Yang et al., 2010).  
The distinctive phenomenon of DRM performance over Ni-SDL catalyst at 600 °C 
will be elucidated later in this study due to the potential of this catalyst as industrial 
catalysts at lower operating temperature.  
Interestingly, it was found that Ni-MDL has the lowest conversions even though 
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the most dominant factor for the different DRM activity over Ni-based catalysts at 600 °C. 
Therefore, the strong interaction between Ni and MDL support played the role in 
producing fine nickel particles but did not help in promoting the DRM activity at lower 
temperature. The highest DRM performance was observed on the Ni-SDL catalyst instead. 
The enhancement in DRM activity at low temperature over Ni-SDL catalysts could be 
explained as follows: substitution of alkaline earth not only increases the amount of oxide 
ion vacancies in the catalyst support but also increases the rate of oxygen desorption. The 
result is consistent with an earlier report by Zhang et al. (Zhang et al., 1990). Moreover, 
Lisi et al. (Lisi et al., 1999) observed that the presence of surface oxygen species released 
from perovskite was able to enhance methane combustion at temperature lower than 800 
°C. This observation of the role of oxygen species in activating methane during methane 
combustion leads us to suggest that the surface oxygen ion species could have played a 
very important role in enhancing methane activation in our DRM reaction at lower 
temperature. Our hypothesis is based on the fact that the highest amount of surface oxygen 
species on the Ni-SDL catalyst resulted in the highest CH4 conversion and H2 production. 
Moreover, these surface oxygen species on the Ni-SDL catalyst could also adsorb CO2 
molecules to form bidentate carbonate species on the catalyst surface, which could then 
react with the surface carbon species formed from CH4 decomposition, resulting in higher 
CO2 conversion and lower carbon deposition.      
Fig. 5.7 shows the catalyst DRM performance (CH4 and CO2 conversions, H2 
production and H2/CO ratio) at 600 °C. CO2 conversion was lower than CH4 conversion 
due to the additional CO2 produced by water gas shift reaction (WGSR). The occurrence 
of WGSR is confirmed by the value of H2/CO ratio higher than 1, which is in agreement 
Chapter 5- Promotional effect of alkaline earth over Ni-La2O3 catalyst for CO2 reforming  






with Pereñíguez et al. (Pereñíguez et al., 2010), as CO molecules could react with steam 
(which is a by-product of combustion reaction) to produce CO2 and H2. 
Table 5.2 shows the amount of carbon deposition on the surface of the used 
catalysts after the DRM reaction. With an addition of alkaline earth, it was found that the 
carbon formation is reduced to a large extent as compared to undoped Ni-La2O3. The 
lowest amount of carbon formed was shown over Ni-MDL catalysts. However, this Ni-
MDL catalyst did not show the most prominent catalytic performance as compared to the 
others. This could be the factor leading to the lower amount of carbon formed during 
DRM reaction.     
However, the lower amount of carbon formation was obtained on the Sr-doped 
catalysts as compared to those on the undoped catalysts, which is also in good agreement 
with the previous report (Nam et al., 1998). This was due to the presence of a significant 
amount of surface oxygen species present in the catalyst and played a role in oxidizing the 
carbon formed during the DRM reaction especially at lower temperature. Moreover, the 
strong basicity over Ni-SDL catalyst (as shown in Fig. 5.5) could enhance the amount of 
CO2 chemisorbed on the surface to suppress carbon formation. 
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Fig. 5.7. Effect of doped and undoped catalysts on catalytic DRM performance at 600    C:            
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Fig. 5.8a shows the XPS O 1s results for the fresh and used Ni-SDL catalysts. The 
O 1s spectra displayed the decrease of the intensity of the lattice oxygen peak after DRM 
reaction, suggesting that the lattice oxygen species from the catalyst surface has been 
involved not only in the DRM reaction but also in the carbon suppression through the 
formation of carbonate species which react with surface carbon species to form CO. Fig. 
5.8b shows the XPS C 1s spectra of undoped Ni-La2O3 and Ni-SDL catalysts after DRM 
reaction. The prominent peak has the BE at ~282.8 eV, which is attributed to the graphitic 
carbon (Wang et al., 2004). The peak intensity of this carbon species over the Ni-SDL 
catalyst was substantially lower than those on the Ni-La2O3 catalyst, showing that carbon 
formation was reduced to a large extent by Sr substitution in Ni-La2O3 catalyst due to the 
significant amount of surface oxygen species. Moreover, a small peak was observed at a 
BE of ~290 eV due to the formation of some adventitious carbonaceous species and 
residual CO3
2− 
(Wang et al., 2004).  
  
        a) 
After rxn 
Fresh 
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  Fig. 5.8. XPS results of a) O 1s before and after reaction over Ni-SDL catalyst and b) C 
1s after the DRM reaction over Ni-La2O3 and Ni-SDL catalysts 
 
5.2.4 Effect of Sr on catalytic decomposition of methane (CDM) over Ni-La2O3 
catalyst  
 
The role of surface oxygen species on the catalytic DRM performance over the Ni-
SDL catalyst (shown in section 5.2.3) leads us to investigate further on the CDM reaction 
for better understanding of the role of surface oxygen species in C-H activation and H2 
production without the presence of CO2. We hypothesize that, due to the presence of 
surface oxygen species on Ni-SDL catalyst, the Ni-SDL catalyst shows not only higher 
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CH4 conversion and H2 production but also higher resistance to carbon formation as 
compare to Ni-La2O3 catalyst over CDM reaction. 
Fig. 5.9 shows the effect of Sr doping on the catalytic CDM performance. Sr doped 
catalyst (Ni-SDL) gives higher methane conversion and H2 production as compared to the 
undoped catalyst (Ni-La2O3), confirming our hypothesis that the addition of Sr to Ni-
La2O3 can enhance the C-H activation of CH4 molecules. Since the reactant of CDM is 
only pure CH4, the higher conversion of Sr doped catalyst was attributed to the role of the 
surface oxygen species in promoting C-H activation. These surface oxygen species could 
also be involved in the oxidation of carbon, resulting in lower carbon deposition as 
compared to the undoped catalyst. Therefore, the Ni-SDL catalyst can have higher 
conversion (see Fig. 5.9) and lower carbon deposition in CDM reaction as observed from 
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Fig. 5.9. Effect of Sr on CDM performance over CDM reaction (at 600 °C): a) CH4 
conversion and b) H2 production (%Vol.)  
 
Fig. 5.10 shows the amount of carbon formed on the Ni-SDL and undoped Ni-
La2O3 catalysts after the CDM reaction. The amount of carbon formed on the Ni-SDL 
catalyst was significantly less than that on the undoped Ni-La2O3 catalyst due to the 
presence of higher amount of surface oxygen species which, upon contact with CO2 (by-
product from combustion reaction: CH4 + 2O2  CO2 + H2O), formed surface carbonate 
species to effectively remove surface carbon species on the Ni-SDL catalyst. Therefore, 
the carbon formed over the Ni-SDL catalyst surface can be significantly removed by 
































Chapter 5- Promotional effect of alkaline earth over Ni-La2O3 catalyst for CO2 reforming  







Fig. 5.10. TGA analysis characterizing weight loss of carbon (g.C/g.Cat/h) of Ni-La2O3 
and Ni-SDL catalyst after CDM reaction  
 
Fig. 5.11 shows the morphology of carbon formed on the surface of undoped Ni-
La2O3 and Ni-SDL catalysts after CDM reaction. The carbon deposited on these catalysts 
was observed to be of the filamentous type. The Ni-SDL catalyst showed less carbon 
formation on the catalyst surface as compared to the Ni-La2O3 catalyst; this result is in 
good agreement with the TGA results (Fig. 5.10), suggesting that the surface oxygen 
species over Ni-SDL catalyst can suppress carbon formation. In addition, the TEM image 
of spent Ni-SDL catalyst (Fig. 5.11c) displays that the type of carbon formed during DRM 
reaction is a mixture of carbon nanotubes and carbon fibers with Ni particle size of ~ 25 
nm. 
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To investigate the role of SDL catalyst support alone on C-H activation, Table 5.3 
shows the catalytic CDM and DRM reactions over the SDL catalyst support. The SDL 
support itself shows some CH4 conversion in both CDM (~10.4%) and DRM (~13.4) 
reactions; however, the conversion of CH4 was observed to be higher under DRM 
condition. The enhancement of CH4 conversion in the presence of CO2 in DRM as 
compared to CDM was due to the simultaneous CH4 decomposition and carbon removal 
under the presence of carbonate compound, resulting in the shifting of CH4 decomposition 
rate towards higher value. Moreover, it is also worth highlighting here about the role of 
the catalyst support. Our CDM and DRM reaction results clearly showed that the active 
oxygen species on the surface of SDL support were actively involved in the C-H 
activation of CH4 molecules in both CDM and DRM reactions. These surface oxygen 
species are favorable for CH4 combustion reaction, suggesting that the SDL catalyst 
support itself prefers to enhance CH4 conversion via CH4 combustion reaction rather than 
via CH4 decomposition. 
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Fig. 5.11. FESEM images of carbon formation after CDM reaction over: a) Ni-La2O3, b) 
Ni-SDL catalysts and c) TEM images over Ni-SDL catalysts after reaction 
 
5.2.5 Possible mechanism: Role of surface oxygen species in DRM reaction at 600 °C 
 
Scheme 5.1 shows the schematic diagram representing our postulated mechanism 
pathway of DRM reaction over Sr doped Ni-La2O3. Ni particles decompose CH4 molecule 
to form hydrogen and surface carbon species (C-Ni) (Eq. 1) (Kuijpers et al., 1981; Au et 
al., 1994), whereas the substantial amount of surface oxygen species over the Ni-SDL 
catalyst oxidize CH4 to produce CO2 and H2O (Eq.2) (Palmer et al., 2002).    
CH4 + Ni  C-Ni + 2H2  Methane decomposition  (Eq.1) 
No hollow core 
Hollow core 
c) 
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CH4 + 2O2  CO2 + H2O  Methane combustion   (Eq.2) 
Meanwhile, CO2 is preferentially adsorbed onto the basic site of the SDL catalyst 
support, forming surface carbonate species (La2O2CO3) (Eq.3) (Squire et al., 1994; Becker 
and Baerns, 1991) which is able to react with the surface carbon species (C-Ni) to form 
CO (Eq.4) (Nakamura et al., 1994; Bitter et al., 1997) and subsequently rejuvenating the 
surface of Ni catalyst.   
(La,Sr)2O3 + CO2 (ads)  (La,Sr)2O2CO3 (ads)         (Eq.3) 
C-Ni + (La,Sr)2O2CO3  2CO + Ni + (La,Sr)2O3         (Eq.4) 
Therefore, the presence of surface carbonate species provides an alternative 
pathway to oxidize the carbon species, resulting in the significant improvement of the 
catalytic DRM performance of the Ni-SDL catalyst with less carbon formation. 
 
 
Scheme 5.1  Schematic diagram on the role of surface oxygen species on Ni-SDL catalyst 
in catalytic DRM reaction at 600 °C 
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The effects of promotional alkaline earth over DRM catalytic performance on Ni-
La2O3 catalysts could be explained by the presence of mobile oxygen species on the 
surface of catalyst. The XPS, O2-TPD and H2-TPR results show the presence of surface 
oxygen species on the doped catalysts, suggesting that the O2 adsorption/desorption ability 
of La2O3 could be significantly improved by doping with Mg, Ca and Sr. At low 
temperature (600 °C), the Ni-SDL catalyst not only yields the highest CH4 and CO2 
conversions (~78% and ~60%) and highest H2 production (~42% by Vol.) but also has the 
lowest carbon deposition over the catalyst surface during DRM reaction due to the 
significant involvement of high amount of mobile surface lattice oxygen species on C-H 
activation in DRM. 
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CHAPTER 6 Role of oxygen species in C-H activation on the 
dry CO2 reforming of methane using La1–xSrxNiO3 catalysts  
 
  
 La1–xSrxNiO3 perovskite catalysts were studied for their efficiency in syngas 
production via the dry CO2 reforming of methane (DRM). The perovskite composition 
and temperature-dependent catalytic performance were investigated to improve not 
only the catalytic efficiency but also to reduce carbon formation. The experimental 
results showed that La0.8Sr0.2NiO3 (x = 0.2) gave the best overall DRM performance. 
Moreover, La0.8Sr0.2NiO3 showed the least carbon formation after DRM. The improved 
activity and carbon resistance were attributed to the presence of oxygen species on the 
surface of the Sr-doped catalysts, which played a crucial role in promoting the 




Hydrogen is an important clean energy fuel, and many researchers have 
intensively studied its production via the reforming of methane, which is the most 
environmentally benign hydrogen production process currently available. The benefits 
associated with the dry CO2 reforming of methane (DRM) arise from its utilization of 
two greenhouse gases, CH4 and CO2, which contribute to climate change (Iyer et al., 
2003; Ruckenstein and Hu, 1995). 
Nickel is a popular catalyst in DRM because of its high catalytic activity and 
low cost (Araujo et al., 2008; De Lima et al., 2008; Gallego et al., 2008; Ruckenstein 
and Hu, 1995). However, it can be deactivated rapidly due to sintering and carbon 
formation on its surface (Asai et al., 2008). Carbon forms at high reaction temperatures 
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through the decomposition of methane and the Boudouard reaction (Bradford and 
Vannice, 1999): 
 
CH4 + CO2  2CO + 2H2  (H298 = +62.2 kcal/mol) (Eq. 1) 
CH4  C + 2H2    (H298 = +17.9 kcal/mol) (Eq. 2) 
 2CO  CO2 + C    (H298 = -41.2 kcal/mol) (Eq. 3) 
 
 Alternative noble metals that exhibit low carbon formation are impractical due 
to their high cost. Recently, perovskite catalyst precursors have been developed (Nam 
et al., 1998) that possesses high thermal stability and metal dispersion. Replacement of 
A or B ions with other heterovalent metal ions can modify the catalyst structure, 
creating oxygen vacancies or metal cation valence states that can enhance both the 
redox properties and the oxygen mobility in the system (Peña and Fierro, 2001). The 
introduction of such lattice defects modifies the chemical and transport properties of 
these oxides, which alters the catalytic properties directly or indirectly (Salomonsson 
et al., 1993). 
Perovskite-based catalyst precursors were chosen for the DRM, and various 
quantities of Sr were introduced as dopants to produce LaxSr1–xNiO3. The catalytic 
performance of this material, the influence of strontium doping on the surface 
properties, and the effects of oxygen surface species in the LaxSr1–xNiO3 system on the 
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6.2. Results and Discussion 
 
6.2.1 XRD results 
 
Fig. 6.1 shows the XRD spectra of the La1–xSrxNiO3 catalysts prepared with 
different quantities of Sr doping. All catalysts exhibited peaks characteristic of the 
perovskite structure (labeled “P”) (Ruckenstein and Hu, 1996). However, as the Sr 
content increased, other mixed phases were detected. 
As the Sr content increased, the intensity of the perovskite peak decreased 
while the intensity of NiO phase structure (labeled “”) increased. This revealed that Sr 
doping promoted the formation of a NiO phase. The reaction between Sr and La in the 
perovskite structure competed with the reaction between Ni and La, resulting in 
formation of a more isolated NiO phase. Moreover, doping the catalyst with Sr 
produced characteristics peaks at 25, 36.5, 44, and 50, due to the presence of the 
SrCO3 phases. 
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Fig. 6.1. XRD results of La1–xSrxNiO3. 
 
Upon addition of Sr to the original LaNiO3 catalyst, the peak shifted to a higher 
angle. This was consistent with previous reports (García de la Cruz et al., 2001; 
Khattak and Cox, 1977). The Sr elements replaced La in the perovskite system and 





resulting in a decrease in the unit cell volume and, hence, a peak shift to higher angles. 
In summary, as observed from the XRD spectra, it was found that the phase 
structure of La1-xSrxNiO3 perovskite catalysts have slightly changed with Sr doping. 
This implies that the presence of Sr in the A sites of the perovskite catalyst has 
affected the original phase structure of LaNiO3. Originally, fresh LaNiO3 catalyst is in 
the form of pure cubic phase; however, an increase of Sr presence leads to a phase 
structural change from cubic phase into rhombohedral structure. This can be concluded 
that increase of Sr doping on LaNiO3 catalyst can cause distortion of pure cubic phase 
Sr = 0.1 
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Sr = 0.3 
Sr = 0.2 
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* * P 
P 
P 
* • • • 








20                 30                 40                 50                 60                 70                 80 
                                                    2θ (degree) 
Chapter 6- Role of oxygen species in C-H activation on dry CO2 reforming of methane 





structure as well as increase the amount of other segregated phase such as NiO and 
SrCO3.  
Table 6.1 D spacing for La1-xSrxNiO3 
LaNiO3 La0.9Sr0.1NiO3 La0.8Sr0.2NiO3 La0.7Sr0.3NiO3 
2 Theta d-spacing 2 Theta d-spacing 2 Theta d-spacing 2 Theta d-spacing 
23.08 3.85 23.14 3.841 23.32 3.811 23.16 3.837 
32.78 2.73 25.2 3.531 25.2 3.531 25.2 3.531 
40.44 2.229 32.82 2.727 32.78 2.73 32.82 2.727 
46.98 1.933 40.66 2.217 36.18 2.481 36.14 2.483 
52.94 1.728 53.22 1.72 40.56 2.222 40.64 2.218 
58.44 1.578 58.64 1.573 44.1 2.052 44.1 2.052 
68.7 1.365 68.68 1.366 47.36 1.918 53.8 1.703 
73.52 1.287 73.74 1.284 53.38 1.715 58.62 1.574 
78.22 1.221 78.42 1.219 58.62 1.574 68.72 1.365 
       68.56 1.368 73.64 1.285 
       73.34 1.29 78.76 1.214 
               
6.2.2 Surface characteristics measured by BET and XPS. 
 
XPS was employed to determine the surface and elemental compositions 
present in the prepared perovskite catalysts. A non-doped sample of the catalyst was 
used as a reference. XPS was conducted for all samples and the binding energy and 
elemental surface compositions. 
Table 6.2 and Fig. 6.2 (a) shows the decrease in the binding energy (BE) of O 
1s with increasing Sr content, from 0.0 to 0.2, which was attributed to electron transfer 
from Sr to the surrounding O ions. These ions could accept more electrons and hence 
the binding energy shifted toward lower values. However, the BE increased for Sr = 
0.3, suggesting a lower degree of electron transfer from Sr to O at that doping level. 
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Higher Sr loading levels may introduce additional phase segregation among the NiO 
and SrCO3 phases that cover the perovskite structure. As a result, electron transfer 
from Sr to the surrounding atoms in the perovskite structure decreased. 
 
Table 6.2 Binding energy (eV) of the O 1s species in the La1–xSrxNiO3 samples 
 
Fig. 6.2 (b) shows the relationship between the Sr content and the surface 
properties of the catalysts. An increase in Sr doping increased the presence of lattice 
oxygen. The La0.7Sr0.3NiO3 catalyst (Sr = 0.3) showed the highest amounts of lattice 
oxygen (O
2–
), although these species may be due to phase-segregated NiO, as indicated 
by the XRD studies. XPS confirmed that the O 1s peak of this sample was shifted to 
higher BE, suggesting a lower accessible quantity of electrons transferred from the 
support to the oxygen atoms. Therefore, O
2–
 appeared to be present as NiO rather than 
lattice oxygen in the perovskite structure. Furthermore, as can be seen in Fig. 6.2 (b), 





), with a maximum at Sr = 0.2. The correlation between Sr content 







Amount of oxygen species 




BE (eV) % BE (eV) % BE (eV) % BE (eV) % 
0 13.72 528.6 19.7 529.8 10.7 531.4 49.5 533 20.1 
0.1 14.07 528.5 20.6 529.7 11.8 531.3 47.6 532.9 20.0 
0.2 14.52 528.3 23.8 529.1 17.3 531.2 46.8 532.6 12.1 
0.3 9.7 528.4 28.0 529.5 11.4 531.0 49.4 532.6 11.1 
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Fig. 6.2. O 1s orbital peaks and the correlation between Sr content and the surface 
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6.2.3 Oxygen Temperature-Programmed Desorption (O2–TPD) 
 
Fig. 6.3 shows the O2-TPD results of the La1–xSrxNiO3 perovskite catalysts. 
The first peak at 300–500°C was attributed to oxygen adsorption by the surface oxygen 
vacancies (Zhao et al., 1996), designated α-oxygen. The intensity of this peak 
increased with Sr doping from 0.0 to 0.2 and decreased at Sr = 0.3. A second peak 
appeared at 600°C, which was designated as -oxygen and was associated with lattice 
oxygen from the bulk (Merino et al., 2005; Zhao et al., 1996). 
Interestingly, as observed in Fig. 6.3, Sr content of 0.2 presented the highest 
intensity of α-oxygen at 300–500C, which is believed to play a role in CH4 oxidation. 
This was attributed to the fact that a Sr content of 0.2 showed the highest levels of 
electron transfer from Sr to O atoms (described in the XPS results). As a result, oxygen 
atoms could accept more electrons, and they created O
–
-like species on the surface. 
This peak decreased for Sr = 0.3, suggesting that the O
–
-like species on the surface 
decreased due to the presence of segregated phases, such as NiO and SrCO3, which 
covered the perfect perovskite structure. Therefore, an optimum catalyst would be one 
doped with Sr at a level of 0.2 atomic ratio. This result corresponded well with the 
results presented below in Section 6.2.5, DRM catalytic performance. 
To sum up this part, an addition of Sr
2+
 cation to La
3+
 cation can cause an 
electronic imbalance within the perovskite lattice (Yu and Fung, 2007), resulting in the 
generation of oxygen vacancies and this oxygen defects from substitution of A site (Sr 
doped on La) is expected to enable this system to be a good candidate for 
environmental catalysis. (García de la Cruz et al., 2001; Guilhaume and Primet, 1997; 
Nitadori and Misono, 1985) In addition, more relationship between the role of oxygen 
mobility over Sr content and the catalytic activity for the production of CO and H2 will 
be discussed further in activity section. 
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Fig. 6.3. O2–TPD results of La1–xSrxNiO3 catalyst 
 
6.2.4 Temperature Programmed Reduction 
 
Fig. 6.4 shows H2-TPR results of all catalysts. For LaNiO3 (x = 0), the first 
peak was observed at around 400-450 C, corresponding to La2Ni2O5 phase 
(Valderrama et al., 2008) or attributing to the reduction of the excess of oxygen in 
La2NiO4+δ. (Fontaine et al., 2004) The second larger peak appeared at 590 C due to 
the presence of Ni
0
 and La2O3 from the bulk reduction of La2Ni2O5 (Sierra Gallego et 
al., 2008) Based on these results, the reduction steps were hypothesized as follows: 
 
2LaNiO3 + H2  La2Ni2O5 + H2O    (1) 
La2Ni2O5 + 2H2  La2O3 + 2Ni + 2H2O   (2) 
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With an increase of Sr contents, the peak observed at 270-330 °C was splitted. 
This result corresponded well with what was previously observed by Garcia et al. 
(García de la Cruz et al., 2001). It was possible to note that the presence of a doublet 
















Fig. 6.4. H2-TPR results of La1-xSrxNiO3 catalyst 
 
This is possible to note that since there is a cation charge imbalance when La
3+
 
is replaced with Sr
2+
, hence, this would result in the formation of an unstable Ni
4+
 
active catalyst that is readily reduced to Ni
3+
. Hence, this corresponded to the fact that 
as Sr increased, the Sr replacement of La ions would result in a higher formation of the 
unstable Ni
4+
 cation. As a consequence, the reduction of the Ni
4+
 back to Ni
3+
 occurs 
even more rapidly and as such, the doublet peak was occurred.  
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6.2.5 DRM catalytic performance 
 
 
Fig. 6.5 shows the effects of Sr addition on the La1–xSrxNiO3 catalysts 
performance: conversions and syngas production. The DRM performance (CH4 and 
CO2 conversion) improved upon Sr doping at levels up to 0.2 and decreased between 
Sr = 0.2 and Sr = 0.3. In addition, the overall CH4 and CO2 conversion efficiency 
increased with increasing reaction temperature from 600 °C to 800 °C. The conversion 
efficiency increased between Sr = 0 and Sr = 0.2 and decreased between Sr = 0.2 and 
Sr = 0.3. These trends arose from the quantity of oxygen surface species involved in 
the DRM. A maximum CH4 conversion (in Fig. 6.5 (a)) was observed for Sr = 0.2, 
which showed the highest quantity of surface oxygen species. In addition, the reaction 
temperature at the different Sr loading levels clearly affected the DRM, as shown at the 
lower temperature regions. The improved DRM performance at lower temperatures 
was attributed to the fact that surface O-like sites on the Sr-doped samples played an 
important role in C-H activation of the hydrocarbons. Hence, more methane was 
oxidized by these oxygen mobile species (Palmer et al., 2002). As a consequence, 
methane conversion was enhanced even at lower temperatures. As the temperature 
increased, the effects of Sr were less pronounced because the reforming reaction was 
dominant and involved CH4 conversion. Fig. 6.5 (b) shows the CO2 conversion rate 
over all catalysts. The effects of the reaction temperature were clearly observed at 700 
°C and 800 °C, whereas the reaction temperature effects were negligible at 600 °C. As 
discussed in the context of the O2-TPD and XPS results, Sr-doped catalysts showed 
higher amounts of both the adsorbed oxygen and lattice surface species, resulting in a 
higher O2 adsorption/desorption ability. The α-oxygen species may play an important 
role in methane oxidation (CH4 + 2O2  CO2 + H2O). This implies that CO2 may be 
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produced via a combustion reaction, and the rate is even higher over the Sr-doped 
catalysts. As the reaction temperature increased, the CO2 conversion rate increased, 
with a maximum at a Sr doping level of 0.2 (Fig. 6.5(b)). At this doping level, the 
basic site concentration was highest, which enhanced the basicity of the catalysts and 
increased the CO2 conversion (Choudhary et al., 1997).  
Fig. 6.5 (c) shows the effects of Sr doping on H2 selectivity. The H2 selectivity 
increased from 27% (by vol.) for LaNiO3 to 32.6% (by vol.) for La0.7Sr0.3NiO3. This 
suggested that the addition of Sr to the La1–xSrxNiO3 structure enhanced the hydrogen 
selectivity. The improvements were described above in terms of the preparation of O
–
-
like sites upon Sr doping, which play an important role in C-H activation, thereby 
increasing H2 production. However, the active oxygen mobile species were also 
involved in the oxidation of H2, leading to a lower H2 selectivity and a lower H2/CO 
ratio. As a consequence, the sample doped with Sr = 0.2 showed the lowest H2 
selectivity and H2/CO value. 
 In conclusion, La1–xSrxNiO3 catalysts (x = 0–0.3) displayed an increase in 
hydrogen and carbon monoxide production and methane conversion with increasing Sr 
doping. These properties were attributed to the fact that Sr provided additional active 
oxygen sites (Chan et al., 1994), which promote the activation of C-H bonds in 
hydrocarbons, such as methane (CH4). The methane is thereby more easily oxidized by 
these mobile oxygen atoms and may be converted to hydrogen, carbon monoxide, 
and/or carbon dioxide. As a result, higher hydrogen production and methane 
conversion was achieved. The most catalyst prepared with x = 0.2 was the most active 
and provided higher CH4 and CO2 conversion rates, with a H2/CO value close to the 
theoretical value of 1. The balance between mobile and chemisorbed O2 species on the 
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catalyst surface may also play a role in DRM activity. Hence, an optimal Sr doping 
content may enhance both the catalytic activity and the stability. 
This work provides a better understanding of the role of oxygen in DRM and 
methane decomposition, as well as the overall catalyst performance. As expected, Sr-
doped LaNiO3 catalysts (Sr = 0.2) showed the highest catalytic performances in both 
methane conversion and hydrogen production, especially at lower temperatures. The 
improvements were attributed to optimal oxygen mobility, which plays an important 
role in the C-H bond activation in methane and, hence, increases the rate of methane 
conversion. 
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          d) 
Fig. 6.5. Performance of the La1–xSrxNiO3 catalysts toward DRM: a) methane 
conversion, b) CO2 conversion, c) hydrogen production (%vol), and d) H2/CO ratio. 
 
6.2.6 Carbon deposition by Thermal Gravimetric Analysis (TGA) 
 
Fig. 6.6 shows the temperature-programmed oxidation of carbon species after 
DRM reaction using TG-DTA equipment. After the reaction, all catalyst samples 
showed carbon formation, and the results indicated that the weight loss at 480–700 °C 
could be attributed to the oxidation of carbon to carbon dioxide. 
LaNiO3 showed a higher weight loss percentage than the Sr-doped LaNiO3. 
The lower weight loss in the Sr-doped samples indicated lower degrees of carbon 
formation on the catalyst’s surface, suggesting that the addition of Sr suppressed 

















Chapter 6- Role of oxygen species in C-H activation on dry CO2 reforming of methane 





Increased Sr content resulted in a higher catalyst basicity, which enhanced the 
CO2 chemisorption capacity of the catalyst surface. Carbonate species (La2O2CO3) 
formed (Becker and Baerns, 1991; Squire et al., 1994), which tended to attack the C-Ni 
and subsequently underwent reduction by the CHx species to form carbon monoxide 
(CO). (Bitter et al., 1997; Nakamura et al., 1994) As a result, the carbon deposited on 
the Sr-doped catalyst surface was less than that deposited on the undoped catalyst 
surface. 
 
Fig. 6.6. TGA results after DRM reaction 
 
6.2.7 Catalysts Morphology by TEM 
 
Fig. 6.7 shows high-resolution TEM images of deposited carbon nanotubes on 
the La1-xSrxNiO3 catalysts after CO2 reforming of methane reaction. The deposited 
carbon was found to be nanotubes in all sample runs and no other forms of carbon 
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the tips of carbon nanotubes while the graphene layers diameter were related with the 
nickel size.  
The observation from the TEM images showed filamentous carbon on all 
catalysts surface. Methane and carbon dioxide used as reactants can dissociate to the 
following products: 
 CH4  C
*
 + 2H2   (Methane dissociation) 
2CO  C* + CO2   (Boudouard reaction) 
              
Fig. 6.7. Methane High resolution TEM images after DRM reaction over La1-xSrxNiO3 
catalysts 
 
6.2.8 C-H activation performance via CH4 decomposition 
 
In order to understand a clearer picture about the role of oxygen over DRM, 
methane decomposition was introduced to see the overall performance. As expected, 
Sr doped LaNiO3 catalysts tend to show higher catalytic performance in both methane 
conversion and hydrogen production as compared to LaNiO3. The effect of Sr addition 
on methane dissociation is clearly shown in Fig. 6.8. It was revealed that methane 
dissociation is improved when doped with Sr. 
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For example, the methane conversion at 600 °C is increased by ~15.3% with Sr 
doping = 0.2. However, the overall performance of CH4 conversion had increased with 
reaction temperature (600-800 °C). For methane conversion, Sr doping shows 
significantly higher conversion especially at lower temperature (600 °C) and it slightly 
increases at higher temperature (700-800 °C). The improvement correlates to our 
previously clarification that oxygen mobility plays an important role on C-H activation 
of methane and hence increase the rate of methane conversion. This trend was 
observed with maximum activity for a degree of substitution at x = 0.2. This may be 
attributed to oxygen mobility in the structure as well as the less segregated phase over 
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Fig. 6.8. Methane decomposition performance over La1-xSrxNiO3 catalysts: 
a) Methane conversion and b) H2 production 
 
6.2.9 Possible mechanism of La0.8Sr0.2NiO3 catalysts during DRM reaction  
 
Scheme 6.1 shows the schematic diagrams presenting possible pathways of 
La0.8Sr0.2NiO3 catalysts during DRM reaction. The reduced La0.8Sr0.2NiO3 catalyst 
resulted in the formation of dispersed Ni particles on the catalyst support. CH4 is 
preferentially adsorbed on the Ni particles and dissociates to form hydrogen and 
surface carbon species. In addition, as shown earlier during the surface characterization 
section, the reduced La0.8Sr0.2NiO3 also showed the highest amounts of both surface 
oxygen and lattice oxygen species. These oxygen species were involved in C-H 























Chapter 6- Role of oxygen species in C-H activation on dry CO2 reforming of methane 





Meanwhile, the activation of CO2 takes place on the La2O3 surface rather than 
on the Ni active site, forming La2O2CO3 (Becker and Baerns, 1991; Squire et al., 
1994). With Sr doping, it resulted in the higher basicity of catalyst, enhancing CO2 
chemisorption to form La2O2CO3 which may interact to the C*-Ni and produce carbon 
monoxide, resulting in less coke. 
However, the excess amount of O
2-
 over Sr surface interacted not only with C* 
and form CO (ads), but also with H2 molecules to form H2O, resulting in a decrease of 
H2/CO ratio.  
 
Scheme 6.1 Possible mechanism pathways of La0.8Sr0.2NiO3 catalysts during DRM 
 
(1): CH4  C* (ads) + 2H2 (ads)    
(2): C*+O*  CO (ads) 
(3):  O*+OH-(ads)  H2O 
(4):  CO2 + La(Sr)2O3  La(Sr)2O2CO3 (ads) 




 The partial substitution of Sr (+2) in La1–xSrxNiO3 catalysts resulted in catalyst 
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shifting the balance of oxygen species by enhancing oxygen adsorption/desorption, as 







species. As a result, C-H activation increased and methane conversion was enhanced. 
The best overall performance, in terms of a high conversion rate and reduced carbon 
formation, was observed for La0.8Sr0.2NiO3 (x = 0.2). This was attributed to the high 
amounts of oxygen surface species, which played a crucial role in promoting the 
catalytic activity, especially at lower temperatures. 
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CHAPTER 7 Highly active and stable La2-xSrxNiO4 catalysts 
for CO2 reforming of methane: Effects of Sr on metal-
support interaction and Lewis basicity 
 
 
The molar ratios of La and Sr in the La2-xSrxNiO4 catalytic series have been 
optimized for the dry CO2 reforming of methane (DRM). La1.9Sr0.1NiO4 (x = 0.1) 
catalyst gave the best overall DRM performance (conversions and hydrogen 
production) without significant deactivation as compared to undoped La2NiO4 catalyst 
due to the high amount of electrons transferred from Sr to Ni, resulting in a strong 
interaction between Ni and the catalyst support. This strong metal – support interaction 
led to the formation of highly-dispersed nickel particles, resulting in high CH4 
conversion. Furthermore, a small amount of Sr increased the adsorption of CO2 and 
formed an intermediate compound, La2O2CO3, which suppressed carbon formation and 
increased catalyst stability during DRM. Based on the proposed DRM reaction 
mechanism on the Sr-doped catalyst, the undesirable RWGS side reaction was found to 
be minimized due to the increased affinity of the bidentate species to the surface 
carbon species as compared to the adsorbed hydrogen species on the support, thereby 
leading to increased product selectivity as well as catalytic stability. As a result, 
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Dry CO2 reforming of methane (DRM) is one of the most promising reactions 
to produce syngas (CO + H2), an important feedstock for Fischer-Tropsch synthesis 
and several other carbonylation, hydrogenation and reduction processes (Batiot-
Dupeyrat et al., 2005; Bradford and Vannice, 1999; Choudhary and Mondal, 2006; 
Gallego et al., 2008; Gallego et al., 2006). The DRM reaction has become more 
attractive from both academic and industrial point of view due to an increasing interest 
in CO2 utilization with methane to reduce the emission of these two greenhouse gases 
which are considered to be a major cause of climate change (Song, 2002, 2006).  
Ni catalyst is widely used for DRM due to its high activity and low cost. 
However, Ni suffers from serious deactivation due to carbon deposition during DRM.  
This can be countered with the usage of appropriate supports for the Ni catalyst. 
Perovskite-type structure has been found to be a good catalyst support as it provides 
high oxygen storage, which suppresses coke formation (Borowiecki, 1984; Choudhary 
et al., 1996; Guo et al., 2007) and enhances catalytic stability (Goldwasser et al., 
2003). It has also been reported that carbon deposition could be suppressed when 
nickel was deposited on catalyst supports possessing strong Lewis basicity, which 
could be achieved by the addition of alkaline earth oxides to the catalyst support (Jung 
et al., 2000; Murata et al., 2004; Ruckenstein and Hu, 1995). The increase in basicity 
can enhance CO2 chemisorption on the surface of catalyst, resulting in the reduction of 
carbon formation via Boudouard reaction (CO2+C 2CO).  
Recently, there are some researches on DRM over La2−xSrxNiO4 perovskite-
type oxides. It was found that small amounts of Sr (Sr =0.25) increase carbon 
deposition on the catalyst surface but addition of higher amounts of Sr (Sr ≥ 0.5) 
suppresses coking and increases the CO2 conversion (Pichas et al., 2010). However, 
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another group reported that the small amount of Sr (Sr ≥ 0.3) in the catalysts slightly 
decreases their catalytic activity but it improves catalyst stability with less carbon 
formation (Rynkowski et al., 2004). Valderrama et al. (Valderrama et al., 2005) also 
investigated DRM performance over La1−xSrxNiO3. Their result showed that Sr can 
suppress coke formation on the active sites. However, it has been reported that the 
coke formation increases with Sr content. 
Even though some literatures on Sr-doped catalysts have been published, there 
are however lack of in-depth studies which report on the fundamental understanding 
pertaining to the role of Sr over Sr-doped La2NiO4 (La2-xSrxNiO4) catalyst on its 
catalytic DRM performance at reaction temperatures between 600-800 C. Therefore, 
the objective of this study is focused on the fundamental understanding on the role of 
Sr on the catalytic DRM performance over the series of La2-xSrxNiO4 catalysts with Sr 
doping of 0 to 0.3. Sr was added in varying amounts to the Ni-based perovskite 
catalysts to form La2-xSrxNiO4- (0 ≤ Sr ≤ 0.3) which were characterized using various 
methods (XRD, XPS, H2-TPR, BET, STEM, FESEM and in situ FTIR) in order to 
elucidate a detailed investigation on the effect of Sr on the catalytic performance and 
carbon suppression in DRM reaction as well as from the mechanistic point of view. A 
small addition of Sr has been found in this study to improve some desirable catalytic 
properties, such as the increase of Sr-Ni interactions and the basicity of the perovskite 
catalyst. These properties are important for the improvement of DRM catalysts with 
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7.2. Results and Discussion 
 
7.2.1 Catalyst characterization 
 
a) XRD results 
 
Fig. 7.1 shows the XRD spectra of the La2-xSrxNiO4 catalysts at various x 
values. The peaks at 32.8, 47 and 58, which corresponded to the La2NiO4 
perovskite-like structure, were observed for all catalysts (Guo et al., 2007; Rynkowski 
et al., 2004). However, some additional peaks were also observed at 25 and 36.5 on 
the La2-xSrxNiO4 catalysts with x > 0.1. These peaks were attributed to the formation of 
SrCO3 phase as the intensity of these peaks increased with the Sr content. Moreover, 
the intensity of the additional peak at 37.3, corresponding to the NiO phase, increased 
with the Sr content. This result suggests that higher amount of Sr doping could 
promote the formation of NiO phase. This is because the substitution of a higher 
amount of Sr in the La2-xSrxNiO4 perovskite catalysts can distort the perovskite-like 
structure due to the large ionic radius of Sr, resulting in the formation of an isolated 
NiO phase (Rynkowski et al., 2004). Therefore, the XRD results show that only a 
small amount of Sr could be incorporated in the La2-xSrxNiO4 perovskite-like structure. 
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Fig. 7.1. XRD patterns of La2-xSrxNiO4 at different x values (x = 0 – 0.5) 
 
Moreover, it was observed that increasing the amount of Sr doping on the La2-
xSrxNiO4 catalysts induced a slight shifting of the peaks to higher angles. The 
substitution of Sr in the La2NiO4 structure influenced the change in the oxidation state 













structure, resulting in the decrease of Ni ionic radius. As a result, there was a decrease 
in the unit cell volume of the La2-xSrxNiO4 catalysts with the increase of Sr doping, 
shifting the XRD peaks to a higher angle.  
 
b) H2-TPR results 
 
Fig. 7.2 shows the H2-TPR results of the La2-xSrxNiO4 catalysts at different Sr 
content. The undoped La2NiO4 catalyst exhibited two distinguished H2 consumption 
peaks at different temperatures. The first TPR peak at 330-430 C represents the 
reduction of the NiO phase (Ni
2+ Ni0) (Gallego et al., 2006; Ruckenstein and Hu, 
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1996), whereas the latter TPR peak at 500-680 C refers to the complete reduction of 
the perovskite-like phase (La2NiO4 + H2 La2O3 + Ni
0 
+ H2O) (Batiot-Dupeyrat et al., 
2003; Rynkowski et al., 2004). 
 
Fig. 7.2. H2-TPR patterns of the La2-xSrxNiO4 catalyst with different Sr content  
 
For the La2-xSrxNiO4 catalyst with x = 0.1, the TPR peak was shifted to a higher 
reduction temperature, indicating that there was a stronger interaction between the 
nickel and support. However, with a higher amount of Sr substituted in the framework 
of the perovskite structure, the TPR peak was shifted back to lower temperatures, 
indicating less interaction between the nickel and supports as compared to the La2-
xSrxNiO4 catalyst with x = 0.1.  
Based on these H2-TPR results, La1.9Sr0.1NiO4 (x = 0.1) showed the presence of 
highly-dispersed Ni particles on the catalyst surface due to the strong interaction 
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exhibit the best catalytic performance in the DRM reaction due to the highly active 
fine Ni particles and the least amount of carbon formation on these highly-dispersed 
Ni.  
 
c) XPS results 
 
Since the La 3d spectrum is generally overlapped with the Ni 2p in the BE 
range of 850 eV onwards, the La oxidation number was investigated using the La 4d 
spectrum instead. In Fig. 7.3 (a), the catalyst at different La concentrations showed two 
peaks in the BE range of 99-105 eV (Lima et al., 2006). The BE of La 4d5/2 was shifted 
from 102.8 to 102.5 with Sr doping, indicating that the chemical state of the surface La 
species was affected by the presence of Sr due to the electron transfer from Sr to La. 
This chemical shift is comparable to the BE values of perovskite complex oxides 
(Gopalakrishnan et al., 1977). This chemical shift suggests that Sr interacted with the 
surface La species. 
Fig. 7.3 (b) shows the BE of Ni 3p3/2 and Ni 3p1/2 spectra of all catalysts at 
around 67.5 and 71.2 eV, respectively. With increasing amount of Sr, the BE values of 
these two Ni 3p peaks were slightly decreased, showing that there was electron transfer 
from Sr to Ni. In addition, with higher amount of Sr, the intensity of these Ni 3p peaks 
increased due to the increase of segregated NiO phase. This result is in good agreement 
with the XRD observation (Fig. 7.1), whereby a small amount of segregated NiO phase 
was observed with a high amount of Sr doping.  
Fig. 7.3 (c) shows that the Sr 3d spectra of all catalysts contained a doublet 
peak of Sr 3d5/2 and Sr 3d3/2 at the BE values ranging from 131.0-132.0 eV and 133.6-
134.0 eV, respectively. The BE values of these peaks were lower than that of Sr in SrO 
oxide (135.0 eV) (Van Doveren and Verhoeven, 1980) but comparable to the BE 
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values of the La0.5Sr0.5MO3-x perovskite oxides (M = Co, Fe and Mn) (Vovk et al., 
2005; Wang et al., 2004; Wu et al., 2005) and La1-xSrxCrO3 (Rida et al., 2006). This 
result suggests that there is an interaction between Sr and La instead of existing in the 
form of segregated SrO.  
With Sr doping = 0.1, the BE value of the Sr 3d5/2 was shown at ~132.0 eV. 
However, the BE value of this peak was decreased from 132.0 to 131.3 when the 
amount of Sr was increased from 0.1 to 0.2 due to the decrease of the electron transfer 
from Sr to the other surrounding atoms (Ni, La and/or O atoms). This could be 
possibly due to the fact that at higher Sr loading there was more segregated phase of 
SrCO3 (~133.2eV) covering the perfect perovskite structure, resulting in less electron 
transfer from Sr to surrounding elements in the perovskite structure. As a result, the 
BE value of Sr 3d was decreased with the amount of Sr > 0.1.    
Fig. 7.3 (d) shows the O 1s XPS spectra of La2-xSrxNiO4 catalysts. All samples 
showed broad doublet peaks, which correspond to the existence of different types of 
oxygen species in these catalysts. The first peak (527.9-529.1 eV) was attributed to the 
oxygen ions in the crystal lattice (O
2-
) (Carley et al., 1997; Kulkarni et al., 1995; 
Yamazoe et al., 1981) while the second peak at around 532.0 eV could be 
distinguished into several peaks, which correspond to the adsorbed oxygen (~530.6 
eV) (Yamazoe et al., 1981), hydroxyls and carbonate species (~531.6 eV) and 






 peaks was slightly decreased, showing that there was electron transfer from Sr to 
O. Furthermore, an increase in the intensity of O 1s spectra over Sr-doped catalysts 
reveals that the amount of oxygen species could be enhanced with Sr doping in the La2-
xSrxNiO4 catalysts, possibly due to the formation of oxygen vacancies caused by the 
imbalance of oxidation state between La (3+) and Sr (2+) (Teraoka et al., 1988). 
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In summary, the XPS results have demonstrated the effect of Sr doping on the 
binding energy of La, Ni, Sr and O elements in the La2-xSrxNiO4 catalysts, showing 
that there is an interaction between Sr and surrounding elements. With Sr doping = 0.1, 
there was an electron transfer from Sr to other surrounding elements (Ni, La or O) and 
hence the binding energy of Ni 3p, La 4d or O 1s was shifted towards lower binding 
energy. However, with Sr content > 0.1, there was a decrease of electron transfer from 
Sr to the other elements; as a result, the binding energy of Ni 3p, La 4d or O 1s was 
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Fig. 7.3. XPS profiles over La2-xSrxNiO4 catalysts: a) La 4d, b) Ni 3p, c) Sr 3d and d) O 
1s 
 
d)  BET results 
 
Table 1 shows that the specific BET surface areas of La2-xSrxNiO4 catalysts 
have values around ~15 m
2
/g; these values are in a good agreement with the values 
reported in the literature for other perovskite materials (Valderrama et al., 2008). Since 
the specific surface area of the catalysts was quite similar, all the catalysts were 
expected to have similar catalytic DRM performance: conversions and coke formation. 
However, it will be shown later that the surface area is not the most important factor 
concerning this catalyst series in the DRM performance. There are, in fact other pre-
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7.2.2 Effect of strontium on catalytic activity 
 
In this section, the Sr content was varied in order to identify the effect of Sr 
content on the catalytic performance of the La2-xSrxNiO4 catalyst precursors in terms of 
catalytic activity, H2/CO selectivity and carbon formation. 
 
a) Effects of Sr content on DRM performance 
 
Table 7.2 shows that with various Sr content, the CH4 conversion was varied 
from 80.2 to 85.1%, with the highest conversion of 85.1% when Sr = 0.1, and the CO2 
conversion was varied from 67.3 to 75.3%, with the highest conversion of 75.3% when 
Sr = 0.1. Furthermore, with varying Sr content, the H2/CO ratio was obtained in the 
range of 0.78 to 1.2, which is close to the values obtained from the DRM equilibrium 
reactions, with a theoretical value of 1.0.  
The Ni/SrO-La2O3 catalyst produced from La1.9Sr0.1NiO4 precursor has the 
highest CH4 conversion as La1.9Sr0.1NiO4 (Sr = 0.1) upon reduction forms highly-








Sr=0  13.1 16.01 
Sr=0.1  18.6 15.32 
Sr=0.2  13.4 15.49 
Sr=0.3  9.28 16.43 
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shown in Fig. 7.2 and Fig. 7.3). These fine Ni particles were able to react better with 
the CH4 molecules, hence resulting in higher conversion of CH4. Moreover, a small 
amount of Sr increased the adsorption of CO2 on the catalyst surface, hence resulting 
in an increase of CO2 conversion. However, both CH4 and CO2 conversions were 
decreased with the increase of Sr content due to the presence of a higher amount of 
segregated NiO particles. These segregated NiO particles are known to easily 
agglomerate at high temperature to form bigger Ni particles which would then 
decrease the CH4 and CO2 conversions. 
 
Table 7.2 Catalytic performance of the reduced La2-xSrxNiO4 oxide catalysts at 
different doping ratios post DRM reaction at 700 C for 660 min 
 
 
 The value of H2/CO ratio was increased from about 0.7 to 1.2 from Sr = 0 to Sr 
=  0.1. For Ni/La2O3 catalyst produced from La2NiO4 catalyst precursor, the lower 
H2/CO value is possibly due to the simultaneous DRM reaction and reverse-water gas 
shift reaction (RWGS). However, with Sr doping, it was found that more hydrogen 
was produced during the DRM reaction. Since the Sr-doped catalyst (Sr = 0.1) has 
highly-dispersed Ni particles on the catalyst surface, these highly active Ni sites can 
also decompose CH4 to produce more H2, resulting in higher value of H2/CO ratio. 









Resultant gases (%vol.) 
H2/CO 
H2 CO 
Sr = 0 84.3 67.3 32.1 41.7 0.77 
Sr = 0.1 85.1 75.3 44.9 37.4 1.20 
Sr = 0.2 81.8 74.4 41.8 37.3 1.12 
Sr = 0.3 80.2 73.9 39.0 39.4 0.99 
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presence of NiO particles; these NiO particles easily agglomerated to form bigger Ni 
particles with lower activity for DRM reaction, hence resulting in the decrease of H2 
production. 
 
b) Effect of Sr doping on carbon suppression 
 
Fig. 7.4 shows the amount of carbon formed on La2-xSrxNiO4 catalyst 
precursors after DRM reaction at 700 C. All spent catalysts showed the weight loss of 
carbon at the same temperature of approximately 550 C, which corresponds to the 
oxidation of the filamentous carbon (as shown in Fig. 7.5). The catalyst doped with Sr 
= 0.1 shows the least weight loss of carbon, indicating that La1.9Sr0.1NiO4 is the most 
stable catalyst. The carbon deposition started to increase from Sr = 0.1 to Sr = 0.3 due 
to the presence of larger Ni particle size which then caused carbon deposition during 
DRM reaction. On the other hand, the undoped La2NiO4 catalyst had the highest 
amount of carbon deposition; this result was expected as the undoped La2NiO4 catalyst 
has no Sr in the perovskite structure to suppress carbon formation. Therefore, a small 
amount of Sr content is believed to play a role in carbon suppression. This is because 
Sr can increase the basicity of the catalyst (Pillai and Sahle-Demessie, 2005), hence 
resulting in the increase of CO2 adsorption on the catalyst surface to form carbonate 
species. This result was consistent with those observed by Rynkowski et al. 
(Rynkowski et al., 2004), who reported that a small amount of Sr would decrease the 
amount of coke formation and hence improve the stability of catalyst. However, the 
catalytic performance decreased with Sr content due to the coverage of nickel with 
SrCO3, resulting in the decrease of the amount of the active nickel sites available for 
the reaction. In contrast, our study shows that a small amount of Sr not only suppresses 
carbon formation but also improves the catalytic DRM performance. 
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Fig. 7.4. TGA analysis characterizing weight loss of carbon over La2-xSrxNiO4 
catalysts after DRM at 700 C 
 
Fig. 7.5 shows the morphology of carbon formed during DRM reaction. The 
carbon deposited on the Sr-doped catalyst was of the filamentous carbon and the 
amount of carbon species formed on all catalysts (based on TGA results) was observed 
to be related to the nickel particle sizes. The La1.9Sr0.1NiO4 (Sr = 0.1) catalyst has the 
least amount of carbon formed on the catalyst surface due to the smallest Ni particle 
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   a)      b) 
 
   c)      d) 
Fig. 7.5. TEM images of La2-xSrxNiO4 catalysts after DRM reaction: a) Sr = 0, b) Sr = 
0.1, c) Sr = 0.2 and d) Sr = 0.3 
 
In summary, a small amount of Sr significantly affects the ability of the catalyst 
to produce fine nickel particles which could promote high DRM activity and suppress 
carbon formation. However, the excessive substitution of Sr could disrupt the original 
spinel structure to produce segregated NiO phase; these segregated NiO particles 
would then easily agglomerate to form bigger Ni particles which caused carbon 
deposition during DRM reaction.  
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c) Effect of reaction temperature on La1.9Sr0.1NiO4 catalyst’s performance 
 
Since Ni/SrO-La2O3 (with Sr = 0.1) produced from La1.9Sr0.1NiO4 catalyst 
precursor shows the highest DRM activity and resistance to carbon formation, it was 
chosen to study the effect of reaction temperature on catalyst performance in order to 
distinguish the different types of reaction pathways taking place during the DRM 
reaction.  
Fig. 7.6 (a) shows catalytic CH4 and CO2 conversions at different reaction 
temperature. The result shows that the conversions increased with increasing 
temperature, with a more pronounced increase at temperatures lower than 700 C. In 
Fig. 7.6 (b), the H2/CO ratio steadily increased from ~0.8 to ~1.2 at 600-700 C but 
dropped to 0.9 at higher temperatures (800-850 C). At lower temperatures (600-700 
C), the increase in H2/CO ratio was attributed to simultaneous DRM and WGS 
reactions (Eqs. 1 and 2) which produce hydrogen more than CO. At higher 
temperatures (800-850 C), the main DRM reaction (Eq. 1) simultaneously occurred 
with side reactions of reverse-water gas shift reaction and carbon removal (Eqs. 3 and 
4). As a result, the yield of H2 is lower than CO and the value of H2/CO ratio is lower 
than 1. 
 
CH4 + CO2 2CO + 2H2,   ∆H298 = 247 kJ/mol   (Eq. 1) 
CO + H2O CO2 + H2  ΔH298 = -41.1 kJ/mol   (Eq. 2) 
CO2 + H2 CO + H2O  ΔH298 = 46.1 kJ/mol   (Eq. 3) 
Cads + CO2 2CO   ΔH298 = 131.4 kJ/mol   (Eq. 4) 
Compared to undoped catalyst (Sr = 0), Sr-doped catalyst (Sr = 0.1) gives 
higher conversions, confirming that the addition of Sr to La2NiO4 can enhance DRM 
performance in the temperature range of 600-800 C.  
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Fig. 7.6. Effect of reaction temperature on Ni/SrO-La2O3 catalyst (with Sr = 0.1): a) 
overall DRM activity and b) H2/CO value 
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d) Catalytic stability test over La1.9Sr0.1NiO4 catalyst 
 
Fig. 7.7 shows the catalytic stability test over La1.9Sr0.1NiO4 catalyst for 20 h. 
The catalyst found to be very stable under DRM condition (CH4:CO2 = 1:1 at 700 C). 
This is because Sr plays a very important role in the formation of highly-dispersed 
nickel particles and leads to increase of catalyst basicity. These highly-dispersed Ni 
particles resulted in high DRM performance: conversions and syngas production. 
Meanwhile, the catalyst basicity enhanced the adsorption of CO2 to form an 
intermediate compound, La2O2CO3, which suppressed carbon formation. As a result, 
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Fig. 7.7. Catalytic stability test over Ni/SrO-La2O3 catalyst (with Sr = 0.1) for 20 h 
 
7.2.3 In-situ FTIR study of catalysts under CO2 and reaction conditions 
 
Fig. 7.8 shows the in-situ FTIR spectra of the La2NiO4 and La1.9Sr0.1NiO4 
catalysts during CO2 desorption at different temperature. These two catalysts were 
initially reduced under H2 treatment at 650 C, followed by CO2 adsorption at 700 C 
for 1 h before they were cooled down to room temperature under He purge.  
The characteristic peaks of carbonate species were found over these two 
catalyst surfaces. The bands appearing in the range of ~1580 and 1400 cm
-1
 were 
attributed to the asymmetric C-O stretching of adsorbed CO3
2-
 species (Múnera et al., 
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increase of temperature, suggesting that these adsorbed CO3
2-
 species could easily 
desorb at high temperature. 
Comparing between Sr-doped and undoped catalysts, the reduced 
La1.9Sr0.1NiO4 catalyst showed additional bands at 1780, 1734, 1050 and 860 cm
−1
, 
which were attributed to the bidentate carbonate species (Hadjiivanov and Vayssilov, 
2002; Ryczkowski, 2001). These bidentate carbonate species (S-COO) were formed 
from the reaction between CO2 and the catalyst support (S). 
S + CO2 S-COO 
Since these bidentate carbonate species were not found over the undoped La2O3 
catalyst, this result suggests that the Sr-doped catalyst has higher basicity than the 
undoped catalyst.  
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Fig. 7.8. FTIR over La2-xSrxNiO4 catalysts after CO2 adsorption at 700 °C, followed by 
He purging at different temperature: a) Sr = 0 and b) Sr = 0.1 
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Fig. 7.9 shows the in-situ FTIR spectra during DRM reaction over reduced 
La1.9Sr0.1NiO4 catalyst. The reduced La1.9Sr0.1NiO4 catalyst was activated first under 
CO2 gas at 700 C for 30 min before CH4 was introduced to the catalyst (as shown in 
Fig. 9 a-i). The major peak of adsorbed CH4 at ~2900-3000 cm
-1
 was found to decrease 
with reaction time, suggesting that methane was decomposed on the catalyst surface to 
form H2 and surface carbon species as follow:  




The hydrogen from the sequential methane decomposition may also exist and 
interact with the support surface site (S) to form adsorbed hydrogen (S-H) (Tsipouriari 
and Verykios, 2001) as follow: 
CH-Ni + S  C-Ni + S-H 
Apart from the gas phase contribution of CH4 at 3015 cm
-1
, there are some 
peaks which appeared during reaction. These peaks are attributed to νas(CO3
2-
) of 
monodentate carbonate in the range of 1545-1450 cm
-1, ν(C=O) and νs(COO) of 
bidentate carbonate at ca. 1720 and 900-1050 cm
-1, and νas(COO
-
) of formate species at 
ca. 1350 cm
-1 
(Guo et al., 2010; Hadjiivanov and Vayssilov, 2002; Ryczkowski, 2001; 
Verykios, 2003). The appearance of these carbonate peaks was attributed to CO2 
adsorption on the support, whereas the appearance of the formate peak was attributed 
to the equilibrium reaction between the adsorbed hydrogen species (S-H) and the 
surface carbonate (S-COO) as shown below: 
S-H + S-COO ↔ S-HCOO    Equilibrium 
These carbonate and formate peaks were found to be subsequently decreased 
with reaction time. The decrease in the intensity of carbonate peaks could be due to the 
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fact that during DRM reaction these bidentate carbonate species actively react with the 
surface carbon species adsorbed on Ni catalyst (C-Ni) to form adsorbed carbon 
monoxide (CO). This result can be confirmed by the presence of CO bands at 2120 and 
2050 cm
-1 
(Guo et al., 2010). Since carbonate species and formate species were under 
equilibrium, the intensity of formate species also subsequently decreased with time. 
After stopping the CH4 flow and switching to CO2 gas (Fig. 7.9 a-ii), an 
additional peak of adsorbed OH was found at ~3700 cm
-1
. These OH species could be 
formed from the formate decomposition, which corresponds to the appearance of IR 
bands at 2120 and 2050 cm
-1
 assigned respectively to gaseous CO and linearly-bound 
CO (Hadjiivanov and Vayssilov, 2002; Zhang et al., 1996). 
S-HCOO + S ↔ S-CO + S-OH  
Comparing between the Sr-doped La1.9Sr0.1NiO4 and the undoped La2NiO4 
catalysts, the major peaks assigned to -CH, -CO and CO3
2-
 species were similarly 
observed over both La1.9Sr0.1NiO4 and La2NiO4 catalysts (Figs. 7.9 a and b). This result 
suggests that the sequential exposure of these two catalysts to CH4 and CO2 resulted in 
the formation of carbonate and formate species. However, the Sr-doped catalyst 
exhibited the additional bands at 1780, 1734, 1050 and 860 cm
−1 
which are attributed 
to the bidentate carbonate species; interestingly these additional bands could not be 
found over the undoped La2O3 catalyst. It is believed that these bidentate carbonate 
species over the Sr-doped catalyst played a significant role in carbon suppression 
during DRM reaction. In addition, with Sr doping, the peak intensity of formate 
species at ~1350 cm
-1 
was found to be lower than those of the undoped catalyst. These 
formate species subsequently decomposed to produce H2O and CO via reverse-water 
gas shift reaction (RWGS: CO2 + H2 CO + H2O) as follows:  
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S-HCOO ↔ S-CO + S-OH  
S-OH + S-H ↔ S-H2O + S 
Therefore, the above result suggests that the side reaction of RWGS, which is 
generally observed on the undoped catalyst, can be significantly minimized in the 
presence of Sr. 
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Fig. 7.9. FTIR results during DRM reaction at different reaction time over: a) 
La1.9Sr0.1NiO4 and b) undoped La2NiO4, under: i) CH4 feed, followed by ii) CO2 feed 
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7.2.4 Characterization of used catalyst after DRM reaction 
 
a) XPS results  
 
XPS was carried out on the used catalysts after DRM reaction to confirm the 
formation of carbonate species and the consumption of surface oxygen species during 
DRM reaction. As shown earlier in Fig. 7.3 for the fresh catalysts, the intensity of O 1s 
spectra of the Sr-doped catalysts was generally higher than that of the undoped 
catalyst, suggesting that the amount of surface oxygen species could be enhanced with 
Sr doping. Moreover, the O 1s BE of the fresh Sr-doped catalysts was lower than that 
of undoped catalysts, indicating that the surface oxygen species on Sr-doped catalyst is 
more electron-rich.  
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Fig. 7.10 (a) shows the C 1s spectra observed for the fresh, reduced and spent 
catalysts. All showed a carbon signal at 284.7 eV, which can be attributed to 
adventitious carbon (Batis et al., 2005). However, the surface of the spent catalyst after 
the reaction exhibited additional peaks of La2(CO3)3 (Jørgensen and Berthou, 1972) 
and surface carbonate species (García-Diéguez et al.; Taguchi et al., 1995). The 
formation of these carbonate species plays an important role in the catalytic DRM 
performance (Tsipouriari and Verykios, 1999; Verykios, 2003). This result is in good 
agreement with the in-situ FTIR results shown in Fig. 7.9.  
The observation of carbonate species could be confirmed by O 1s XPS after 
reaction as shown in Fig. 7.10 (b). The result shows that the intensity of the O 1s peak 
before, after reduction and after DRM reaction was different. Upon comparison 
between the fresh and reduced catalysts, the peak at around 528-530 eV was found to 
be decreased, suggesting that both surface lattice species and adsorbed oxygen species 
were firstly reduced during the H2 treatment to form Ni metallic phase. This result 
shows that these two oxygen species were very reactive and played a role in the 
reduction of Ni. However, after the DRM reaction, it was observed that the O 1s peaks 
of the La1.9Sr0.1NiO4 catalyst were decreased in intensity, implying that the surface 
oxygen species were involved in the DRM reaction. Moreover, the O 1s peaks of the 
La1.9Sr0.1NiO4 catalyst were slightly shifted to higher BE value, indicating the 
formation of carbonate compounds during DRM reaction. 
 
b) XRD results 
 
Fig. 7.11(a-d) show the XRD patterns of fresh, reduced, and spent 
La1.9Sr0.1NiO4 catalyst after DRM reaction. The fresh catalyst originally shows the 
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main XRD peaks at 32.8, 47 and 58, which correspond to the La2NiO4 perovskite-
like structure (Guo et al., 2007; Rynkowski et al., 2004). After reduction, the 
perovskite-like structure was destroyed and highly-dispersed Ni particles were formed 
on the Sr-doped La2O3 support (Sr/La2O3). Comparing between pure La2O3 (Fig. Fig. 
7.11 b) and Sr/La2O3 (Fig. 7.11c), the XRD spectra of this Sr/La2O3 phase slightly 
shifted to lower angle as compared to pure La2O3. The shifting of XRD spectra of 
Sr/La2O3 to a lower angle is due to the substitution of the larger atomic radius of Sr in 
the La2O3 phase, resulting in the increase of the unit cell of Sr/La2O3 and hence the 
decrease of d value.  
 
Fig. 7.11. XRD results of a) fresh La1.9Sr0.1NiO4, b) pure La2O3 support, c) reduced 
La1.9Sr0.1NiO4 catalyst and d) spent La1.9Sr0.1NiO4 catalyst after DRM reaction [* 

























● ● ● 
Chapter 7 – Highly active and stable La2-xSrxNiO4 catalysts for CO2 reforming of methane: 
Effect of Sr on metal-support interaction and Lewis basicity  
141 
 
After reaction, the used catalysts (see Fig. 7.11d) mainly contained La2O2CO3 
due to the adsorption of CO2 on Sr-doped La2O3 catalyst surface (Sr/La2O3). This 
Sr/La2O3 phase, which was formed after reduction, is believed to act as the active sites 
for CO2 adsorption to form Sr/La2O2CO3. 
 
7.2.5 Possible mechanism between undoped and Sr-doped La2-xSrxNiO4 catalysts 
 
The above characterization results (in-situ FTIR, XPS and XRD analysis) 
showed the presence of carbonate species providing an alternative pathway to oxidize 
carbon species on the catalyst surface, hence leading to high catalyst stability during 
DRM reaction. Based on these results, the mechanistic reaction pathway of DRM 
reaction on both La2NiO4 and La1.9Sr0.1NiO4 catalysts is proposed. 
Scheme 7.1 (a) shows the schematic diagrams presenting possible pathway of 
the reacting gases on the La2NiO4 catalyst surface during DRM reaction. The reduced 
La2NiO4 catalyst resulted in the formation of dispersed Ni particles on the catalyst 
support. CH4 is preferentially adsorbed on the Ni particles and dissociates to form 
hydrogen and surface carbon species (Au et al., 1994; Kuijpers et al., 1981) as follow:  




In addition, the hydrogen produced from the sequential methane decomposition 
may also exist and interact with the surface sites (S) to form adsorbed hydrogen (S-H) 
(Tsipouriari and Verykios, 2001) as follow: 
CHx-Ni + S  C-Ni + S-Hx 
Meanwhile, since CO2 is preferentially adsorbed on the basic sites of the 
catalyst support, the activation of CO2 takes place on the La2O3 surface rather than on 
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the Ni active site, forming La2O2CO3 (Becker and Baerns, 1991; Squire et al., 1994) as 
follow: 
La2O3 + CO2 (ads) ↔ La2O2CO3 (ads) 
From the in-situ FTIR result, the carbonate species formed on the La2NiO4 
catalysts were mainly monodentate carbonate type. During the DRM reaction, these 
monodentate carbonate species could react with the surface carbon species adsorbed on 
Ni catalyst (C-Ni) to form carbon monoxide (CO) (Bitter et al., 1997; Nakamura et al., 
1994) as follow:  
C-Ni + La2O2CO3  2CO + Ni + La2O3 
Therefore, the presence of the carbonate species provides an alternative 
pathway to oxidize the carbon species on the catalyst surface. However, these 
carbonate species formed on the La2NiO4 catalysts also react with S-H to form formate 
species as a side reaction. These formate species subsequently decompose to produce 
H2O and CO via the reverse-water gas shift reaction (RWGS) as follows: 
La2O2CO3 + S-H↔ S-HCOO + La2O3 
S-HCOO ↔CO + S-OH 
S-OH + S-H ↔ S-H2O + S 
 
 Scheme 7.1 (b) shows the schematic diagrams presenting possible pathway of 
La1.9Sr0.1NiO4 catalysts during DRM reaction. The exposure of CH4 and CO2 on 
highly-dispersed Ni particles over the Sr-doped catalyst resulted in the formation of 
carbonate and formate species which were similarly found over undoped La2NiO4 
catalyst.  
However, interestingly, it is worth to highlight that the types of carbonate 
species formed on the Sr-doped catalyst were monodentate and bidentate carbonate 
species. It was observed in this study that the monodentate carbonate species 
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preferably react with both C-Ni and adsorbed hydrogen (S-H) on the catalyst surface 
while the bidentate carbonate species preferably react with carbon adsorbed on Ni (C-
Ni) to form CO.  
Comparing between La2NiO4 (Scheme 7.1 (a)) and La1.9Sr0.1NiO4 catalysts 
(Scheme 7.1 (b)), the bidentate carbonate species, which were formed only on the 
La1.9Sr0.1NiO4 catalyst, preferably react with C-Ni rather than with adsorbed H (S-H) to 
form formate species. These formate species formed subsequently decomposed to 
produce H2O and CO via reverse-water gas shift reaction (RWGS). Therefore, this 
result shows that the side RWGS reaction (CO2 + H2 CO + H2O) can be 
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a) CH4 decomposition + CO2 adsorption 
b) Carbon removal via carbonate 
c) CO production 
d) Hydrogen diffusion and formate formation 
e) Formate decomposition 
 
Scheme 7.1 Illustration of the mechanism pathways of DRM reaction                                




Perovskite-supported Ni metal catalysts doped by a small amount of Sr have 
been successfully utilized as highly active and stable catalysts for DRM reaction for 
syngas production. The optimum Sr doping was found to be at Sr = 0.1. Over 96% of 
CH4 and 63% of CO2 had been converted to syngas with H2/CO value of ~ 1.2. Sr not 
only enhances catalytic activity but also reduces carbon formation during DRM. The 
high activity of Ni/SrO-La2O3 catalyst (with Sr = 0.1) produced from La1.9Sr0.1NiO4 
precursor was attributed to the strong interaction between Ni and catalyst support, 
resulting in highly-dispersed nickel particles with high activity. Moreover, a small 
amount of Sr increases the adsorption of CO2 to form La2O2CO3 to suppress carbon 
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mechanism of DRM reaction on the Sr-doped catalyst, the undesirable RWGS side 
reaction is minimized due to the increased affinity of the bidentate species to the C-Ni 
as compared to the adsorbed H on the support, thereby leading to increased product 
selectivity as well as catalytic stability. As a result, La1.9Sr0.1NiO4 is a good potential 





Chapter 8 – Effect of CO2/O2, reduction temperature and reaction temperature 




CHAPTER 8 Effect of CO2/O2, reduction temperature and 
reaction temperature on CO2 methane reforming:                                           
Catalytic performance and coke formation 
 
 
Oxy-CO2 reforming of methane (OCRM) has been investigated over La2-
xSrxNiO4 catalysts at different operating conditions such as ratio of CO2/O2 feed flow 
rate, reduction temperature and reaction temperature. The CO2/O2 ratio affected the 
overall conversions and carbon formation during OCRM reaction. Meanwhile, the 
reaction temperature had influenced on the OCRM performance over the La2-xSrxNiO4 
catalyst. The CH4/CO2 conversions and H2/CO selectivity increased while the H2/CO 
ratio decreased markedly with increasing reaction temperature. The best OCRM 
catalyst is La1.9Sr0.1NiO4 (Sr = 0.1) and the optimum condition of CH4: CO2: O2 for 
OCRM reaction is 4:3:1 with the optimum reduction temperature of 650 C which was 
able to convert CH4 and CO2 at around 90% and 93%, respectively with  weigh loss of 
carbon at around 0.0009 g.C/g.Cat/h. This showed that addition of oxygen in the 
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The demand of syngas in both academic and industrial fields has increased due 
to its potential in many applications such as Fischer-Tropsch process (Yan et al., 
2009), in which syngas is converted into a series of liquid hydrocarbon fuels, or its 
direct conversion as a reactant to dimethyl ether or methanol for petrochemical 
industries. Syngas can be produced in many ways, such as through autothermal 
reforming (ATR) (Cao et al.; Souza and Schmal, 2005; Takeguchi et al., 2003), dry 
CO2 reforming of methane (DRM) (Eq.1) (Bitter et al., 1998; Ruckenstein and Hu, 
1995) or partial oxidation (POM) (Eq.2) (Berrocal et al.; Ferreira et al.; Lago et al., 
1997; Zhu et al., 2006). Each of the process described above shows different 
advantages and limitations, such as H2/CO ratio, energy efficiency, catalytic activity 
and stability.  
Recently the combination of POM and DRM named oxy-CO2 reforming of 
methane (OCRM) (Eq.3) has drawn significant interest for syngas production 
(Choudhary and Mondal, 2006; He et al., 2009; O'Connor and Ross, 1998). 
CH4 + CO2  2CO + 2H2,   ∆H298 = 247 kJmol
-1
   (Eq.1) 
CH4 + ½ O2  CO + 2H2,   ∆H298 = -38 kJmol
-1
   (Eq.2) 
CH4 + xCO2 + (1-x)/2 O2  (1+x) CO + 2H2, ∆H298 = (285x-38) kJmol
-1
   
(Eq.3)  
The OCRM process consists of both exothermic partial oxidation of methane 
and endothermic CO2 reforming of methane, which is expected to increase the energy 
efficiency of the process and also to adjust the H2/CO ratio of syngas for particular 
applications. Addition of oxygen to the carbon dioxide can also reduce the deactivation 
of catalyst and enhance methane conversion; although this can cause the reduction of 
products selectivity (O'Connor and Ross, 1998). 
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Moreover, the rapid catalyst deactivation due to coke formation is a serious 
concern especially for nickel metal catalyst. The use of perovskite material as the 
OCRM catalyst could potentially overcome this problem due to its well-defined 
structures, which produces highly-dispersed metallic particles to inhibit serious 
sintering at high temperature. Moreover, the perovskite material provides high oxygen 
storage capacity, which can suppresses coke formation (Borowiecki, 1984) and 
enhance catalytic stability (Goldwasser et al., 2003).  
The catalytic properties of perovskite-type oxides (ABO3) depend on the nature 
of A and B ions and their valence state (Peña and Fierro, 2001; Zwinkels et al., 1993). 
The A site influence the stability of the catalyst; while the B site catalytically affect on 
active factor. Substitution of A or B with other heterovalent metal can modify the 
generation of oxygen vacancies or changes in valence state (Nitadori et al., 1986; 
Rajadurai et al., 1991). 
Therefore, the purpose of this study is to investigate catalytic activity, 
selectivity and stability using La2-xSrxNiO4 perovskite as a catalyst precursor for 
OCRM, which has not been reported so far. The effect of the substitution of Sr (+2) 
with La (+3) on catalyst activity has also been investigated as Sr could possibly form 
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8.2. Results and Discussion 
 
8.2.1 Effect of Sr doping on OCRM catalytic performance at various reaction 
temperature (600-800 °C)  
 
Fig. 8.1 shows the effect of Sr doping on catalyst OCRM performance at 
different reaction temperature. It is found that methane conversion is eventually 
influenced by addition of Sr and operating temperature. For example, conversion of 
methane (with Sr = 0.1) is increased by ~ 27.3 %, ~16.8 % and ~7.4 % at 600 °C, 650 
°C, and 750 °C, respectively compared to undoped catalyst (Sr = 0). This was 
attributed to the fact that small amount of Sr was able to produce highly-dispersed Ni 
particle, as a result, methane conversion was increased. However, higher Sr content is 
found to decreased methane conversion, due to the decrease of Ni dispersion.  
As shown in Fig. 8.1 (a), it was found that the effect of Sr doping on CH4 
conversion was likely to considerably enhanced at temperature < 700 °C. This 
observation has also been reported by Ross group (O'Connor and Ross, 1998), which 
reported that the higher CH4 conversion was attributed to the combustion reaction at 
lower temperature, following by CO2 and/or steam reforming of methane to produce 
syngas. This result leads us to suggest that Sr plays a role in the catalyst OCRM 
performance especially at lower temperature.    
 Fig. 8.1 (b) shows CO2 conversion over La2-xSrxNiO4 catalysts during OCRM 
reaction. It was observed that CO2 conversion was higher than CH4 conversion. This 
was attributed to the fact that at lower reaction temperature range, reverse water gas 
shift reaction (RWGS: CO2 + H2  CO + H2O) was more thermodynamically 
favorable, resulting in higher CO2 conversion. In addition, the difference between CO2 
and CH4 conversions was more prominent at lower temperature while it became less 
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pronounced with the temperature above 700
 
°C. This result suggests that the dominant 
reactions at higher temperature are attributed to methane dissociation and reforming 
reaction instead of RWGS reaction.   
Fig. 8.1 (c) shows the value of H2/CO ratio of all catalytic runs. The H2/CO 
was increased from ~1.5 to ~1.6 at 600-650 °C and continually increased at 700 °C to 
~1.9; however, this value of H2/CO ratio was dropped at higher temperature (750-800
 
°C) to 1.8 and 1.7 at 750 °C and 800 °C, respectively. This was not surprising due to 
the following explanation. At lower temperature range (600 to 700 °C), the possible 
reaction mechanism pathways should be influenced by:  
1) Methane combustion at 600
 
°C, resulting in lower CO2 conversion and lower 
H2 production:    
CH4 + 2O2  CO2 + 2H2O   (Methane combustion) 
2) The partial oxidation of methane (POM) and reverse water-gas shift 
(RWGS) reaction, as shown in the equations:  
CH4 + 1/2O2  CO + 2H2  (POM)                
CO2 + H2  CO + H2O  (RWGS) 
 
Due to both reactions (1 and 2), the value of H2/CO ratio was slowly increased 
in the temperature range of 600-650 °C with the maximum value of H2/CO ratio at 700 
°C. However, the value of H2/CO ratio was decrease when temperature > 700 °C, 
which was due to the fact that DRM was favorable at high temperature (H2/CO = 1). 
Therefore, the H2/CO value observed at temperature > 700 °C was decreased (Khalesi 
et al., 2008). 
   CH4 + CO2  2CO + 2H2  (DRM: H
o
 = 247.3kJ/mol)  
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After the OCRM reaction was conducted, the amount of carbon formation was 
determined by TGA measurement (as shown in Fig. 8.2). It indicated that the amount 
of carbon formation on the La2NiO4 was around 43%, followed by ~32%, 25% and 
12% with Sr = 0.3, 0.2 and 0.1, respectively. The weight loss at ~500 to 800 °C could 
be attributed to the formation of carbon nanotubes during catalytic OCRM reaction, 
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Fig. 8.1. Effect of reaction temperature on OCRM catalytic performance over La2-
xSrxNiO4 catalyst with different strontium doping (x=0-0.3); in sequence: a) CH4 
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Fig. 8.2. TGA patterns of used catalysts after OCRM reaction at 700 °C 
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8.2.2 Effect of oxygen addition in catalytic DRM performance 
 
Fig. 8.4 shows the effect of oxygen addition at different concentration of 
CO2/O2 ratio. The result shows that a decrease of CO2/O2 feed ratio (higher oxygen 
concentration) was able to enhance both of CH4 and CO2 conversions, with the highest 
conversions of ~92.3 and ~95.8% when the CO2/O2 feed ratio is at 2. However, 
conversion of CO2 was observed to be higher than that of CH4 in all case due to side 
reaction of RWGS. This could be confirmed by the increase of H2/CO ratio with an 
increase of CO2/O2 feed ratio.  
The value of H2/CO ratio with different feed ratio of CO2 and O2 was shown in 
Fig. 8.4. The highest H2/CO ratio is at condition of CO2:O2 ratio = 2 with the value 
about 2.5-2.7. This could be explained by several side reactions that might occur 
during OCRM reaction i.e. methane combustion could occur first, followed by steam 
reforming of methane (H2O can be produced from RWGS) and CO2 reforming of 
methane.  
CH4 + H2O  CO + 3H2  (SRM: H2/CO = 3) 
CH4 + CO2  2CO + 2H2  (DRM: H2/CO = 1) 
CH4 + 1/2O2  CO + 2H2  (POM: H2/CO = 2) 
CO2 + H2  CO + H2O  (RWGS) 
Table 8.1 shows the summary on the effect of CH4:CO2:O2 feed flow rate. In 
fact, OCRM showed an overall improvement from DRM. The flow rates of 
CH4:CO2:O2 of 4:3:1 and 4:4:1 had less carbon deposition while that of 4:2:1 showed 
more carbon deposition as compared to that of DRM.  
Catalytic OCRM reaction showed a better performance compared to DRM 
reaction as it helped to reduce coking problem (shown in Fig. 8.5). This was due to the 
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oxidation of the carbon by oxygen. However, in the case of OCRM reaction with the 
ratio of CH4:CO2:O2 = 4:2:1, higher amount of coke was formed on the catalyst 
surface, even though oxygen was added in the system. This suggested that the total 
amount of CO2 and O2 might not be enough to suppress coking. Both O2 and CO2 
feeds supplied into the reaction were less than CH4 feed. As a result, the excess 
methane might have undergone methane decomposition when both oxygen and carbon 
dioxide were used up, hence resulting in high carbon formation. Therefore, in term of 
coking, flow rates of CH4:CO2:O2 of 4:2:1 was not very promising.  
In summary, the OCRM has proven to be a superior reaction process than the 
DRM. As it showed better conversions and higher carbon resistance, which make the 
catalyst lasts longer. In this study, the flow rate ratio of CH4:CO2:O2 of 4:3:1 gives the 
most promising catalytic performance as well as the least carbon formation and hence 
it is chosen as the ideal flow rate ratio for further study on the OCRM reaction. Even 
though the addition of oxygen could reduce carbon formation, catalyst deactivation 
could still be existed due to the sintering of the active Ni particles, sintering of 
supports, chemical interaction between the active component and the support to form 
any active phase (Bartholomew, 1993, 2001) which caused deactivation of catalysts. 
 
Table 8.1 Catalytic performance of La1.9Sr0.1NiO4 at different CO2/O2  
Feed ratios 
(CH4:CO2:O2) 
Conversion via OCRM 
CH4 (%) CO2 (%) H2/CO 





76.4     




93.4             
95.6 
1.21       
1.28            
1.58         
2.04 
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Fig. 8.4. OCRM catalytic performance over La2-xSrxNiO4 catalyst precursor (x = 0.1) 
at 700 °C reaction temperature, and different flow rate of CH4:CO2:O2: a) methane 
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Fig. 8.5. %weight loss from TGA measurement for La2-xSrxNiO4 catalyst precursor (x 
= 0.1) after OCRM at 700 
o
C at different flowrates 
 
8.2.3 Effects of reduction temperature on OCRM performance 
 
In this last section, we investigated the effect of reduction temperature on the 
catalytic activity over La2NiO4 catalyst with strontium doping (Sr = 0.1).  
 Fig. 8.6 shows the effect of reduction temperatures on La1.9Sr0.1NiO4 catalyst 
over the OCRM activity. The best OCRM performance in terms of highest CH4 and 
CO2 conversions, and H2/CO ratio was shown with the reduction temperature of 650 
°C. However, the conversion rate was decreased when catalyst was reduced at 450 °C 
or 850
 
°C. At lower temperature, the catalysts may not be fully reduced. As such, there 
was still nickel existing in perovskite-type structure rather than active nickel metal. 
This observation was supported by the XRD results shown in Fig. 8.9. Meanwhile, at 
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size (Gallego et al., 2008; Rynkowski et al., 2004) which encouraged for higher 





Fig. 8.6. The catalytic performance over sample B (Sr=0.1) at different reduction 
temperature: 1) unreduced, 2) reduced at 450 °C, 3) reduced at 650 °C, and 4) reduced 
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Fig. 8.7 shows the weight loss of carbon formed after OCRM reaction for 
La1.9Sr0.1NiO4 catalysts that underwent various reduction temperatures before being 
used in OCRM reaction at 700
 
°C. From TGA result, the catalyst reduced at 650
 
°C 
resulted in the least weight loss of carbon deposition on the catalyst surface (Fig. 8.8) 
and hence lead to high catalytic stability.  
 
Fig. 8.7. TGA trend for La1.9Sr0.1NiO4 catalysts after reduction at various temperature 
and OCRM reaction at 700 °C 
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                                         c)                      d) 
Fig. 8.8. STEM images of La1.9 Sr0.1NiO4 catalyst precursors after OCRM reaction, 
under reduction treatment at different temperature: a) unreduced, b) 450 °C, c) 650 °C, 
and d) 850 C 
 
8.2.4 Phase structure observation by X-ray diffraction (XRD) 
 
Fig. 8.9 shows the XRD patterns of La1.9Sr0.1NiO4 catalyst at various 
treatments. Here, phase structure at different conditions has been investigated (as 
shown in Fig. 8.9), it was observed from unreduced- to reduced-catalysts, there was a 
change in structure of the catalyst as the diffraction peaks due to La2NiO4 spinel 




 assigned to La2O3 
and nickel metal was introduced. This suggested that the original perovskite structure 
was partially destroyed (Guo et al., 2007; Rynkowski et al., 2004) during reduction 
under H2 atmosphere.  
La2NiO4 + H2  La2O3 + Ni
0
 + H2O 





, reduction at 850
 
°C appeared to have the effect of having most of 
such structure. This might be due to the case at 450 °C the catalyst was not fully 
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reduced. This was further supported by the presence of peak at 32
o
 would still remain 
for reduced sample at 450
 
°C while it was not shown at 850
 
°C. The same occurs for 
peaks at 47
o
. Not surprisingly, XRD pattern of sample reduced at 650
 






For reduced samples at 850
 
°C, there are several more peaks which could not 
be observed under reduction temperature of 450
 
°C and un-reduction conditions. The 
peaks obtained for undoped La2NiO4 catalyst reduced under 850 °C is in agreement 
with the results given by Rynkowski et al. It shows the destruction of the La2NiO4 
structure during reduction process, as nickel ions are reduced to nickel metal. 
After the OCRM reaction, there was transform of original La2NiO4 structure to 
the presence of some phases such as La2O3 and Ni. Moreover, due to the basicity of 
La2O3 which easily absorbed CO2, the formation of La2O2CO3 would also presented: 
(CO2 + La2O3  La2O2CO3) 
  In summary, XRD graphs have shown that the catalysts have underwent 
various treatment have the expected structures produced as shown by the characteristic 
peaks. As they were subjected to reduction, or reaction under DRM, they will have 
their original structure destroyed and replaced by new structure. The extent of the 
destruction depends very much on the temperature at which the process was 
conducted, as was in the case of reduction. 
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Fig. 8.9. XRD patterns for La1.9Sr0.1NiO4 at various treatments [* La2NiO4;  NiO;  




The introduction of Sr in La2-xSrxNiO4 catalysts resulted in an improvement of 
catalytic performance for oxy-CO2 reforming of methane (OCRM). Optimal doping 
amount was found to be at x = 0.1, with the optimum condition of CH4:CO2:O2 = 
4:3:1, reduction temperature of 650
 
°C and reaction temperature of 700 °C. Sr doped 
catalysts also found to perform better even at lower temperature (500-600 °C), 
attributed to the fact that Sr doped catalysts are able to create oxygen species involved 
in methane dissociation. This results in higher methane conversion and hydrogen 
production. Moreover, Sr doped samples has also showed less carbon deposition over 
catalysts’ surface. Addition of oxygen was found to improve both catalytic activity and 






























CHAPTER 9 Modification of M on La0.8Sr0.2Ni0.8M0.2 
catalysts on dry CO2 reforming of methane (DRM) 
 
 
  La0.8Sr0.2Ni0.8M0.2O3 (LSNMO) (where M = Bi, Co, Cr, Cu and Fe) perovskite 
catalyst precursors have been successfully developed for CO2 dry-reforming of 
methane (DRM). Among all the catalysts, Cu-substituted Ni catalyst precursor showed 
the highest initial catalytic activity due to the highest amount of accessible Ni and the 
presence of mobile lattice oxygen species which can activate C-H bond, resulting in 
significant improvement of catalytic activity even at the initial stage of reaction. 
However, these Ni particles can agglomerate to form bigger Ni particle size, thereby 
causing lower catalytic stability. As compared to Cu-substituted Ni catalyst, Fe-
substituted Ni catalyst has low initial activity due to lower reducibility of Ni-Fe and 
less mobility of lattice oxygen species. However, Fe-substituted Ni catalyst showed the 
highest catalytic stability due to: (1) strong metal-support interaction which hinders 
thermal agglomeration of the Ni particles; and (2) the presence of the abundant lattice 
oxygen species which are not very active for C-H bond activation but active to react 
with CO2 to form La2O2CO3, hence minimizing carbon formation by reacting with 










Hydrogen (H2) is an important alternative clean energy fuel. The reforming 
reactions of hydrocarbon, especially methane, have been intensively studied for the 
production of H2, which is the most environmentally benign process. Generally, there 
are four reforming reactions of methane to syngas as follows:  
(1) Partial oxidation (POM) CH4 + ½O2  CO + 2H2 (Berrocal et al. 
2010; Ferreira et al. 2010; Lago et al., 1997; Zhu et al., 2006) 
(2) Autothermal reforming (ATR) 3CH4 + H2O + O2  3CO +7H2 
(Cao et al. 2010; Souza and Schmal, 2005; Takeguchi et al., 2003)  
(3) Steam reforming (SRM) CH4 + H2O  CO + 3H2 (Laosiripojana et 
al., 2008; Maluf and Assaf, 2009)  
(4) Dry reforming (DRM) CH4 + CO2  2CO + 2H2 (Iyer et al., 2003; 
Ruckenstein and Hu, 1995) 
Among them, DRM is a good alternative due to its utilization of two 
greenhouse gases: CH4 and CO2, which are major contributors to current 
environmental problems. 
However, the main disadvantage of DRM is the deactivation of the catalyst by 
carbon formation on its surface. Carbon can be formed at high reaction temperature 
through the decomposition of methane and the Boudouard reaction (Bradford and 
Vannice, 1999): 
 CH4  C + 2H2 (H298 = +17.9 kcal/mol) 
 2CO  CO2 + C (H298 = -41.2 kcal/mol) 
In the catalyst development for DRM, Ni is industrially chosen due to its 
availability, low cost and high activity (Gallego et al., 2008). However, it is difficult to 




prevent carbon formation on Ni surface, resulting in catalyst deactivation. Therefore, 
many studies have focused not only on the high catalytic DRM conversions but also on 
the carbon suppression. Even though many research groups have studied this issue 
intensively and numerous papers have been published, the serious issues of carbon 
formation over Ni-based catalysts are still a great challenge for industrial applications.  
Highly active and stable perovskite catalysts (ABO3) have been previously 
shown to undergo DRM with a small amount of carbon formation as compared to 
common Ni-supported catalysts (Gallego et al., 2006; Nam et al., 1998; Pietri et al., 
2001). Moreover, partial substitution of the ‘A-site’ cation by foreign cations could 
give rise to a change in oxidation state and improve the structural defects, such as 
anionic or cationic vacancies (Peña and Fierro, 2001). As a result, perovskite oxide 
shows substantial electronic conductivity and ionic conductivity at elevated 
temperatures. In addition, partial substitution of the ‘B-site’ cation could improve the 
structural stability and its catalytic behavior. Hence, ‘A-site’ site replacement mainly 
affected the amount of adsorbed oxygen, whereas ‘B-site’ mainly influenced the nature 
of adsorbed oxygen. The catalytic activity of the perovskite-like oxide could be 
enhanced by partial substitution on A and/or B sites with only small changes in the 
structure (Goldwasser et al., 2005). 
From our preliminary study on DRM, the experimental results showed that 
La0.8Sr0.2NiO3 (x = 0.2) gave the best overall DRM performance with the least carbon 
formation after DRM reaction. The improved activity and carbon resistance were 
attributed to the presence of oxygen species on the surface of the Sr-doped catalysts, 
which played a crucial role in promoting catalytic activity and carbon suppression. In 
this present paper, partial substitution of the Sr (+2) into La1-xSrxNiO3 perovskite is 
fixed at x = 0.2 and the types of metal on B site are varied instead.  




Based on our knowledge, there were no intensive studies on the modification of 
B site by doping with various metals on La0.8Sr0.2Ni0.8M0.2O3 (LSNMO) perovskite 
catalysts. Therefore, this present work focuses on the various choices of supported 
metals apart from noble metal catalysts to modify the perovskite oxidation state. The 
bimetallic combinations of Ni-Bi, Ni-Co, Ni-Cr, Ni-Cu and Ni-Fe were prepared as 
mixed oxide catalysts for substitution onto the B-site and characterized for their metal 
properties through various methods (BET, XRD, XPS, H2-TPR, O2-TPD and STEM). 
The catalytic activity, selectivity and stability were investigated under the dry CO2 
reforming of methane (DRM) conditions. Moreover, post characterization tests (TEM, 
TG-DTA and XRD) were also performed to obtain information on the catalyst after 
DRM reactions and to investigate carbon formation.  
 
9.2. Results and discussion  
 
9.2.1 Phase structure by XRD  
Fig. 9.1 shows the XRD spectra of all LSN(M)O perovskite oxides. The 
LSN(Cu)O, LSN(Co)O, LSN(Cr)O and LSN(Fe)O exhibited the main characteristic 
peaks of perovskite-type structure at 2θ = 23, 33, 47 and 58 (ICDD PDF no: 83-
0397) with the absence of additional peaks. This result shows the perfect incorporation 
of those metals in the Ni
3+
 site of LSNO perovskite structure, mainly due to the fact 
that an effective ionic radius of Ni
3+
 is very close to that of those ionic metals in the 
same coordination (Shannon, 1976). Specifically, the ionic radius of Ni
3+
 in the 







the same coordination (70, 68.5 and 68 pm, respectively). Therefore, it can be 
concluded that the homogeneous solid solution of Ni and M in the perovskite-type 




structure of LSN(Cu)O, LSN(Co)O, LSN(Cr)O and LSN(Fe)O can be obtained from 
the sol-gel preparation method. However, there are additional peaks of segregated 
Bi2O3 oxide phase observed in the XRD spectra of the LSN(Bi)O perovskite, 
suggesting the incomplete incorporation of Bi
3+
 into the Ni
3+
 site of LSNO perovskite. 
The presence of the Bi2O3 oxide phase is due to the fact that the ionic radius of Bi
3+
 ion 
(101.3 pm) is larger than that of Ni
3+
 ion (70 pm), hence leading to the segregation of 
Bi
3+


























Fig. 9.1. The XRD patterns of the catalysts (La0.8Sr0.2Ni0.8M0.2O3) at varying B-site 
substitutions (M). [(P): Perovskite phase; (∆): SrCO3; (): NiO; (): SrO;(): Bi2O3] 
 
9.2.2 Surface properties  
 
Table 9.1 shows the surface properties of LSNMO catalysts, consisting of the 
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specific surface area was approximately 7-40 m
2
/g, which is in agreement with the 
general trend of the perovskite structure synthesized through the sol-gel method 
(Amairia et al., 2009; Valderrama et al., 2008). In addition, the pore diameter was in a 
range of 14-40 Å, corresponding to a characteristic of mesoporous material. The 
average pore diameter followed the order of Ni-Cu < Ni-Cr < Ni-Fe < Ni-Bi < Ni-Co. 
From BET analysis, surface area and pore diameter suggested significant difference of 
surface properties over each Ni-M catalyst. Table 9.1 also shows catalyst particle size 
estimated using XRD analysis. By implementing the Scherrer equation, the calculated 
results shows that various M substitutions in LSNMO catalysts provided different 
particle sizes of perovskite phase. However, it will be shown later that the crystal size 
of perovskite might not be related to the actual Ni particle size which was formed after 
the reduction process (see Fig. 9.4). 
 










Elemental composition (%) Average 
particle 
size (nm) 
La Sr Ni O M 
M = Cu 9.01 14.55 17.06 2.17 11.62 64.24 4.91 16.87 
M = Co 10.25 31.85 19.36 2.06 15.33 61.35 1.90 17.92 
M = Cr 36.56 20.22 13.19 3.72 21.61 57.47 4.02 17.07 
M = Fe 13.90 25.59 15.70 3.41 18.07 58.73 4.09 19.88 
M = Bi 12.14 25.63 16.47 1.64 15.18 59.83 6.88 19.36 
 




Moreover, Table 9.1 also shows the surface composition from XPS analysis. The 
percentage of surface atomic value was calculated in the ratio of Ni/M, which is 
plotted and displayed in  
Fig. 9.2. The value of the Ni/M ratio was as follows: Ni-Co > Ni-Cr > Ni-Fe > 
Ni-Cu > Ni-Bi. These value ratios could indirectly affect the surface properties and 
catalytic activity.  
As shown in Fig. 9.2, the lowest values of the Ni/M ratio can be observed in 
LSN(Bi)O, implying the segregation of Bi2O3 oxide phase over the perovskite surface 
due to the larger ionic radius of Bi
3+
 ion compared to Ni
3+
 ion. This result is in good 
agreement with the XRD result (Fig. 9.1). The LSN(Cu)O also shows lower Ni/M 
value as compared to the theoretical value, suggesting an additional CuO segregation 
over the surface. Meanwhile, the higher value of the Ni/M ratio over LSN(Co)O and 
LSN(Cr)O indicates that the surface of LSN(Co)O and LSN(Cr)O became Ni
3+
-




-enriched. This result suggests that the Ni
3+
 ions over 





resulting in the formation of segregated NiO phase on the surface of these two 




 ions have very close ionic 
radius to Ni
3+











 was believed to be involved in the formation of segregated NiO phase.  
Among all these catalysts, the Ni/M value of LSN(Fe)O perovskite is closest to 
the theoretical value, suggesting the perfect incorporation of Fe
3+
 ions into the Ni
3+
 
sites of LSNO. Although the ionic radius of Fe
3+
 is different from that of Ni
3+
, the 










) was found 
to be involved in the perfect substitution of Fe into Ni site.      
 























Fig. 9.2. Evolution of the indicated atomic ratios detected by XPS as a function of the 
different type of M doping on La0.8Sr0.2Ni0.8M0.2O3 perovskite precursors 
 
9.2.3 Morphology of the Catalyst 
 
 Fig. 9.3 shows the catalyst morphologies characterized by FESEM analysis. 
The FESEM images reflected the porous structure with an average estimated particle 
size ranging from 0.10 to 0.15 µm. In addition, there are agglomerated clusters formed 
on the catalyst surface. It is attributed to the fact that the presence of Sr caused an 
increase in the porosity of the catalyst structure, resulting in the formation of voids 
during the calcinations process to decompose nitrates (Khalesi et al., 2008) and hence 
forming the clusters with porous structure. 
Fig. 9.4 shows STEM images of different M-doped LSNMO catalysts after the 


















on the supports material. The Ni particle size distribution was calculated on the basis 
















Fig. 9.3. SEM images of Bi, Co, Cr, Cu Fe and Ga catalysts after calcination (x50000) 





Fig. 9.4. STEM images of different M-doped LSNMO catalysts after reduction: a) Ni-
Co, b) Ni-Cu, c) Ni-Cr and d) Ni-Fe 
 
9.2.4 H2-TPR Profiles – Reducibility Properties 
 
Fig. 9.5 shows the H2-TPR profiles characterizing the reducibility of all 
LSN(M)O perovskites as compared to that of LSNO perovskite. The LSNO perovskite 
exhibits two main transition peaks at temperature ranges of 300 to 450 C and 500 to 
600 C, respectively. The first transition peak is assigned to the reduction of Ni3+ to 
Ni
2+





(Valderrama et al., 2008; Sierra Gallego et al., 2008).  
However, it was found that the reducibility of these catalysts is significantly 
changed after the substitution of M ions into the Ni
3+
 sites of the LSNO perovskite. For 
example, LSN(Cu)O perovskite exhibited two major transition peaks; however, these 




two transition peaks were shifted towards lower reduction temperature, indicating the 
ease of reducibility over LSN(Cu)O as compared to that of LSNO. The improvement 
of the reducibility of LSN(Cu)O is due to the synergistic interaction between the 
metallic oxide phases and the nature of CuO (Vizcaíno et al., 2007). Since Cu
2+
 in the 




 promotes the 
reduction of Ni
3+ 
in LSN(Cu)O; this TPR result agrees well with the XPS surface 
elemental analysis. Since the Ni/M ratio for Ni/Cu is lower than the theoretical value 
(Fig. 9.2), there was greater exposure of Cu on the surface, hence promoting the 
reducibility of LSN(Cu)O. Meanwhile, LSN(Co)O shows the shifting of transition 
peaks towards higher temperatures, due to the fact that Co in the B-site of the ABO3 
perovskite framework provides higher resistance to H2 reduction than Ni in the B-site 
(Valderrama et al., 2008). This observation suggests that LSN(Co)O requires higher 
















Fig. 9.5. TPR profiles of La1-xSrxNi1-xMxO catalysts 
100     200        300       400      500      600      700        800 





















9.2.5 XPS Study – Surface Properties 
 
Fig. 9.6 shows the O 1s XPS results of the LSNMO catalyst, which showed 
broad doublet peaks in all series corresponding to different types of oxygen species. 
The first peak (526.9-527.1 eV) was attributed to oxygen ions in the crystal lattice (O
2-
) (Carley et al., 1997; Kulkarni et al., 1995; Yamazoe et al., 1981), whereas the second 
peak could be distinguished into several peaks under the peak sum of BE ~532.0 eV, 
which referred to adsorbed oxygen species (~530.6 eV) (Yamazoe et al., 1981), 
hydroxyls and carbonate species (~531.6 eV), and adsorbed water (~533.0 eV) (Fierro, 
1990). This O 1s XPS result implies that oxygen species could be enhanced by 
promotional M doping in LSNMO catalysts. Interestingly, the BE value of each O 1s 
peak was quite similar except for the BE value of O
2-
 of the Ni-Fe catalyst. The BE 
value of the O
2-
 peak of the Ni-Fe catalyst was higher than those of the others, 
suggesting a stronger interaction which exist between O
2-
 species and Fe. In other 
words, it was also possible that the presence of Fe could promote charge transfer from 
the O atom to other surrounding atoms, such as Ni (Erat et al., 2009), resulting in the 
shifting of the O
2-
 peak towards a higher value. Furthermore, alloying of Ni and Fe can 
also enhance mobility of lattice oxygen in the oxide support (Watanabe et al., 2011). 





Fig. 9.6. XPS profiles for O 1s over different La1-xSrxNi1-xMxO catalysts (x = 0.2) 
 
9.2.6 Catalytic Performance 
 
The LSNMO perovskite catalysts were tested for their catalytic DRM activity, 
and the results are presented in Figs. 9.7 and Fig. 9.89.8. Both CH4 and CO2 
conversions and the resultant gases (H2 and CO) production showed an increasing 
trend with reaction time. LSN(Bi)O was not active for DRM due to the coverage of 
Bi2O3.  Both LSN(Co)O and LSN(Cr)O perovskite oxides showed very high catalytic 
activity at the initial stage of DRM reaction. However, their catalytic activities 
gradually decreased within 150 min of DRM reaction due to the serious formation of 
carbon on these two catalysts. The high catalytic activity of these LSN(Co)O and 
LSN(Cr)O perovskites at the initial stage of reaction can be attributed to the high 
amount of segregated NiO phase on these two catalyst surface, as described 
previously. However, under reducing condition at high temperature, this segregated 


















NiO phase is prone to thermal agglomeration, resulting in the formation of large 
agglomerated Ni
0
 particles, hence leading to the fast rate of carbon deposition on these 
large Ni particles during DRM reaction.   
LSN(Cu)O shows relatively high CH4 and CO2 conversions and catalytic 
stability during DRM reaction, due to the effect of Cu in promoting Ni reduction. 
However, LSN(Cu)O showed carbon formation on the catalyst surface due to the more 
easily agglomerated Ni-Cu bimetallic particle caused by the higher reducibility of the 
LSN(Cu)O. In contrast, the CH4 and CO2 conversions over LSN(Fe)O were not 
initially high but slowly increased and reached > 80% at just 10 hours of DRM 
reaction. In addition, the amount of carbon formed during DRM reaction over 
LSN(Fe)O was negligible based on TGA analysis. 
In summary, the partial substitution of other metal ions (M) into the Ni
3+
 site of 
LSNO perovskite catalyst precursors was found to significantly affect the catalytic 
performance for DRM reaction as compared to LSNO. Based on our study, the highest 
catalytic activity for DRM reaction was obtained over LSN(Cu)O, whereas the highest 
catalytic stability was achieved over LSN(Fe)O. This leads us to an interesting 
phenomenon of two different types of metal substituted LSNO perovskite oxides 
which warrant further investigations due to their different but valuable properties in 



























Fig. 9.7. Catalytic performance for DRM reaction over reduced La0.8Sr0.2Ni0.8M0.2O3 













































































Fig. 9.8. Catalytic performance of reduced LSN(Cu)O and LSN(Fe)O over DRM 
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In summary, there are some reports on Ni-M bimetallic catalysts on mixed 
oxides supports that have shown high activity and stability, such as Ni-Co (Zhang et 
al., 2007) or Ni-Pt (Rynkowski et al., 1995). Alloying Ni with another metal has found 
to play a role in catalyst performance. Different Ni-M bimetallic perovskite catalysts 
would influence different catalyst properties such as reduction properties, active metal 
particle size and metal-support interaction, resulting in different catalytic performance. 
Based on our study, the highest DRM conversion was from the Ni-Cu catalyst, 
whereas the highest thermal stability was achieved from the Ni-Fe catalyst.  
 
9.2.7 Characterization after reaction 
 
 
Fig. 9.9 shows the XRD results of spent catalysts after DRM reaction. The 
result shows that an original structure of LSNMO perovskite catalysts was destroyed, 
suggesting that most of their perovskite structures were not maintained after the 
reaction. The used catalysts mainly contained La2O2CO3 with presence of small 
amounts of SrCO3. These phases were formed due to absorption of CO2 onto La2O3, 
which is reported as an active site for CO2 adsorption, there would be natural 
formation of La2O2CO3 based on the reaction: CO2 + La2O3  La2O2CO3 (Valderrama 





















 Fig. 9.9. The XRD patterns of the catalysts after DRM reaction, (La0.8Sr0.2Ni0.8M0.2O3) 
at varying B-site substitutions (M). [(∆): La2O2CO3 (hexagonal); (): La2O2CO3 
(monoclinic) (): La2NiO4; (): SrCO3; (): CO] 
 
The metal ensemble in the catalysts after the reforming reaction was measured 
by TEM (Fig. 9.10). The Ni-Fe bimetallic catalyst showed the least amount of carbon 
with the Ni-Fe particle size averaging ~20 nm. From STEM images of fresh Ni-Fe 
catalyst, it was found that the Ni-Fe particle size after reduction was approximately 10-
15 nm. This result indicates that the Ni-Fe ensemble before and after reaction was not 
changed significantly, implying high thermal stability. The smaller Ni-Fe particle size 
was believed to inhibit carbon formation. 
 In comparison of metal particle size of the Ni-Fe catalyst with the Ni-Cu 
catalyst, the particle size was increased from 18 nm to 40 nm, approximately a 122% 
increase after reaction, implying that the Ni-Cu ensemble has less thermal stability 
than the Ni-Fe catalyst. This could be attributed to the fact that the Ni-Cu has higher 
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amount of accessible Ni, which tends to agglomerate to form bigger Ni particles during 
the DRM reaction, resulting in higher amount of carbon formation. 
  












      
                           
(a) After H2 reduction   (b) After DRM reaction 
Fig. 9.10. TEM images of La0.8Sr0.2Ni0.8M0.2O3 (where M= Bi, Fe, Cr, Cu, and Co) 






























      Fig. 9.11 shows the amount of carbon formation (g of carbon/g catalyst/h – 
g.C/g.Cat/h) of spent catalysts during DRM reaction. The addition of metals onto 
LSNMO catalysts suppressed carbon formation, especially in case of Ni-Ga and Ni-Cu 
catalysts. No detectable carbon formation was found on the Ni-Fe catalysts. This was 
due to the strong interaction between Ni-Fe and the support (based on H2-TPR result in  
Fig. 9.5), resulting in highly-dispersed Ni catalyst. Moreover, it was also 
believed that the presence of Fe in the LSNMO catalyst could prevent segregation of 
Ni particles during the DRM.  
For the Ni-Ga and Ni-Cu catalysts, the weight loss of carbon was ~0.05-0.06 
(g.C/g.Cat/h). However, the catalytic performance over Ni-Cu was better than Ni-Ga. 
The better DRM performance of the Ni-Cu catalyst was due to a higher amount of 
accessible Ni, resulting in more highly active bimetallic Ni-Cu interacting with the 
reactants. These more accessible Ni particles could then agglomerate during the DRM 
reaction. As a result, carbon formation over the Ni-Cu catalyst was higher than over 
the Ni-Ga catalyst.  
Moreover, as shown in Fig. 9.11, Ni-Co and Ni-Cr supported serious carbon 
formation on the catalysts’ surface. In fact, these two catalysts were found to be 
highly-active during the initial DRM run (as shown in Fig. 9.7). After 150 min of the 
DRM reaction, both Ni-Co and Ni-Cr catalysts lost their activity gradually due to 
carbon formation. This serious carbon formation over the Ni-Co and Ni-Cr catalysts 
might due to a higher Ni/M ratio over Ni-Co and Ni-Cr (as shown in Fig. 9.2); this 

















      Fig. 9.11. Rate of carbon formation for DRM reaction samples7 
 
9.2.8 FTIR Study over catalysts’ surface 
 
Since LSN(Fe)O perovskite was found to have the best catalytic stability, a 
further investigation on the formation of carbonate species on this catalyst surface was 
conducted to understand the role of lattice oxygen species on carbon suppression. The 
in-situ FTIR experiment was carried out during CO2 dry-reforming of CH4 as shown in 
Figs. 9.12 and 9.13. 
Fig. 9.12 shows the in-situ FTIR spectra of the Fe- and Cu-substituted LSNO 
catalysts during CO2 adsorption at different temperature. The characteristic peaks of 
carbonate species were found over these two catalyst surfaces. The bands appearing in 
the range of ~1550 and 1378 cm
-1
 were attributed to the asymmetric C-O stretching of 
adsorbed CO3
2-
 species  (Schubert et al., 1997; Múnera et al., 2007). However, the 
intensity of these bands decreased with the increase of temperature, suggesting that 
these adsorbed CO3
2-










































appearing at 2190, 2100 and 1927 cm
−1
 (as shown in 9.12) were attributed to the CO 
linearly-adsorbed and CO bridge-adsorbed on Fe sites (Sheppard and Nguyen, 1978) 
which were formed from the CO2 dissociation to CO (CO*) and surface oxygen (O*).  
Ni-Fe + CO2  CO* + Ni-Fe-O* 


















Fig. 9.12 In-situ FTIR analysis of CO2 adsorption at 700 °C over reduced  (a)   







Fig. 9.13(a) shows the in-situ FTIR spectra during DRM reaction over reduced 
La0.8Sr0.2Ni0.8Fe0.2O3 catalysts. Both CH4 and CO2 gases were then introduced to the 
catalyst. The major peak at ~2900-3000 cm
-1
 was assigned to adsorbed CH4. 
Meanwhile, the observed bands at 1754, 1550, 1464, 1050 and 858 cm
−1
 could be 





































La2O3 support and CO2 (Verykios, 2003; Zhang et al., 1996). The bands at 1754, 1050 
and 858 cm
−1
 were attributed to the bidentate carbonate species, whereas the 1550 and 
1464 cm
-1
 peaks were assigned to monodentate carbonate. The presence of La2O2CO3 
species over Ni-Fe even at a higher temperature suggested the strong interaction of the 
carbonate layer on the catalyst’s support.  
Comparing between the La0.8Sr0.2Ni0.8Cu0.2O3 and La0.8Sr0.2Ni0.8Fe0.2O3 
catalysts (Fig. 9.13 (b)), it was observed that the intensity of carbonate peaks of 
La0.8Sr0.2Ni0.8Cu0.2O3 during DRM reaction was decreased with time, whereas that of 
La0.8Sr0.2Ni0.8Fe0.2O3 catalyst was quite stable with time. This could explain the trend 
















       
 
b)  
Fig. 9.13. FTIR study on Ni-Fe catalyst after reduction at 700 
o
C under N2 atmosphere: 
a) in situ DRM reaction at 800-4000 cm
-1
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9.2.9 Possible Mechanistic pathway of highly stable Ni-Fe catalyst 
 
The above XRD and in-situ FTIR characterization results showed the presence 
of carbonate species providing an alternative pathway to oxidize carbon species on the 
catalyst surface, hence leading to high catalyst stability during DRM reaction. Based 
on these results, the mechanistic reaction pathway of DRM reaction on 
La0.8Sr0.2Ni0.8Fe0.2O3 catalysts is proposed 
Scheme 9.1 shows the schematic diagrams presenting possible pathways of the 
La0.8Sr0.2Ni0.8Fe0.2O3 catalysts during the DRM reaction. As shown earlier during the 
surface characterization section, the strong interaction between Ni and Fe was believed 
to produce highly dispersed Ni and Fe particles. In addition, the presence of Fe was 
shown to prevent Ni agglomeration during the DRM reaction since the size of Ni-Fe 
metal before and after reaction was not much different.  
Both CH4 and CO2 gases were introduced after reduction of 
La0.8Sr0.2Ni0.8Fe0.2O3. From the FTIR results (Fig. 9.13), it was observed that there 
were possible reaction pathways during DRM. CH4 was adsorbed on the Ni active sites 
and dissociated to form adsorbed hydrogen and carbon atoms (Au et al., 1994; 
Kuijpers et al., 1981).  
CH4 + Ni  C-Ni + 2H2 
On the other side, the activation of CO2 was preferentially adsorbed onto the 
support to form a carbonate layer, such as La2O2CO3 (Becker and Baerns, 1991; Squire 
et al., 1994).  
La2O3 + CO2 (ads)  La2O2CO3 (ads) 
However, it is possible that the carbonate layer was able to cover the Ni metal 
site as well. This could reduce the active Ni sites to interact with CH4; as a 




consequence, the conversions over Ni-Fe catalysts were not very high initially as 
compared to others. In addition, the carbonate layer might have attacked the C-Ni and 
subsequently underwent reduction by the CHx species to form carbon monoxide (CO) 
(Bitter et al., 1997; Nakamura et al., 1994). 
C-Ni + La2O2CO3  2CO + Ni + La2O3 
This result suggests that the presence of the carbonate compounds provided an 
alternate pathway to oxidize the carbon species on the catalyst’s surface and offered an 








Scheme 9.1 Schematic diagram of the possible mechanistic pathways of 
La0.8Sr0.2Ni0.8Fe0.2O3 over DRM reaction  
9.3. Conclusions 
 
The effect of partial substitution of other metal ions (Bi, Co, Cr, Cu and Fe) 
into the Ni
3+
site of LSNO perovskite catalyst precursors was found to play a role in 
catalytic DRM performance. Among all the catalysts, LSN(Cu)O perovskite possessed 
good performance in initial activity, whereas LSN(Fe)O perovskite showed superior 




performance as it has achieved high final activity and thermal stability with no carbon 
formation. 
LSN(Cu)O perovskite initially has high catalytic CH4 conversion due to the 
higher amount of accessible Ni and availability of mobile lattice oxygen species which 
can activate C-H bond and hence enhance CH4 conversion. However, due to weak 
metal-support interaction, these Ni particles can agglomerate to form bigger Ni particle 
size, causing lower catalytic stability.  




-site of LSNO perovskite 
has low initial activity due to lower reducibility of Fe and less mobility of lattice 
oxygen species. However, the LSN(Fe)O perovskite shows higher catalytic stability 
due to: (1) stronger metal-support interaction which hinders thermal agglomeration of 
the Ni particles; and (2) the presence of the abundant lattice oxygen species which are 
less active for C-H bond activation but active to react with CO2 to form La2O2CO3, and 
hence minimizing the carbon formation by reacting with surface carbon to form CO. 
 











This thesis presents significant findings on the successful development of 
nickel-based catalysts for hydrogen production via dry CO2 reforming of methane 
(DRM) and Oxy-CO2 reforming of methane (OCRM). Also, the possible mechanism 
pathways over these nickel catalysts during reactions have been highlighted.   
 
1)  Promotional Sr into Ni-La2O3 increased oxygen vacancies, resulting in 
higher amount of surface oxygen species and hence enhancing C-H 
activation and resistance to carbon formation 
 
The promotional effect of alkaline earth metal (Mg, Ca and Sr) of Ni-La2O3 
catalyst on the catalytic DRM performance has been investigated systematically in 
CHAPTER 5. It was shown that doping alkaline earth metal on Ni-La2O3 played a 
role on the catalytic performance in terms of both activity and stability. However, 
doping Sr on La2O3 has been found to significantly enhance conversions and resistance 
to carbon formation even at lower temperature (600 °C). This is due to the presence of 
surface lattice oxygen as well as oxygen adsorption ability of Ni-SDL which promoted 
higher hydrogen production on DRM and resistance to carbon formation.  
In CHAPTER 6, the effect of Sr doping in La1-xSrxNiO3 perovskite structure 
(ABO3) has been investigated. It was determined that La0.8Sr0.2NiO3 exhibited the best 







results in DRM processes due to accessible active oxygen sites in the structure that 
helped in promoting the C-H activation of CH4. Therefore, CH4 could be easily 
oxidized with these mobile oxygen atoms and converted to synthesis gases (H2 and 
CO). Regarding the catalyst DRM stability, La0.8Sr0.2NiO3 catalyst showed relatively 
stable performance for > 40 h. Furthermore, from TGA analysis over the spent 
catalyst, Sr-doped catalyst indicated a lower weight loss percentage as compared to the 
undoped LaNiO3. This suggests that the addition of Sr not only improves catalytic 
DRM performance but also reduces carbon formation to a large extent.  
 
2)  Sr increased an interaction between Ni and support, resulting in the 
formation of highly-dispersed Ni particles 
 
The introduction of Sr was further investigated in La2NiO4 spinel catalyst (La2-
xSrxNiO4) for DRM as presented in CHAPTER 7. La1.9Sr0.1NiO4 (x = 0.1) catalyst 
gave the best overall DRM performance (conversions and hydrogen production) 
without significant deactivation as compared to undoped La2NiO4 catalyst due to the 
high amount of electrons transferred from Sr to Ni, resulting in a strong interaction 
between Ni and the catalyst support and hence enhancing CH4 conversion.  
 
3)  Sr increased basicity, resulting in high resistance to carbon formation 
 
A small amount of Sr increased the adsorption of CO2 and formed an 
intermediate compound, La2O2CO3, which suppressed carbon formation and increased 
catalyst stability during DRM (C-Ni + La2O2CO3  2CO + Ni + La2O3). The presence 
of La2O2CO3 phase formed during DRM reaction was observed by various 







characterization: in-situ FTIR, XPS and XRD. Addition of Sr over Ni-La based 
catalysts: Ni-SDL, La0.8Sr0.2NiO3, La1.9Sr0.1NiO4 and Fe-substituted 
La0.8Sr0.2Ni0.8M0.2O3 (CHAPTERS 5 to 9) was found to enhance resistance to carbon 
formation, resulting in increase of catalytic staiblity. 
 
4)  The presence of bidentate carbonate compound over Sr-doped catalyst 
resulted in the reduction of reverse-water gas shift (RWGS) reaction 
 
In CHAPTER 7, it is worth to highlight that the types of carbonate species 
formed on the Sr-doped catalyst were monodentate and bidentate carbonate species. It 
was observed in this study that the monodentate carbonate species preferably react 
with both C-Ni and adsorbed hydrogen (S-H) on the catalyst surface while the 
bidentate carbonate species preferably react with carbon adsorbed on Ni (C-Ni) to 
form CO. 
Based on the proposed DRM reaction mechanism on the Sr-doped catalyst (by 
in-situ FTIR), the undesirable RWGS side reaction was found to be minimized due to 
the increased affinity of the bidentate species to the surface carbon species as 
compared to the adsorbed hydrogen species on the support, thereby leading to 
increased product selectivity as well as catalytic stability.  
  
 5)  Various M substitution in La0.8Sr0.2Ni0.8M0.2O3 catalysts resulted in 
different surface properties and catalytic activity 
 
In the last chapter (CHAPTER 9), various types of La0.8Sr0.2Ni0.8M0.2O3 were 
prepared through the introduction of M (where M = Bi, Co, Cr, Cu, Fe and Ga) into the 







basic perovskite structure. From catalyst characterization, the crystal structure, surface 
properties, oxygen adsorption/desorption and hydrogen reducibility of the catalysts 
were reflected in different ways. The Ni/M value of Ni-Fe and Ni-Cu catalysts showed 
the closest theoretical values as compared to the others, suggesting that the most 
efficient substitution of M
3+
 ions to Ni
3+
 ions in the LSNMO perovskite structure was 
due to the closer effective facilitation of M ion into Ni in the same coordination.  
Among all the catalysts, the Cu-substituted LSNO perovskite catalyst precursor 
showed the highest catalytic activity due to the highest amount of accessible Ni and 
hence resulting in the significant improvement of catalytic activity. On the other hand, 
the Fe-substituted LSNO perovskite catalyst precursor showed the highest catalytic 
stability with no detectable carbon formation due to the strong interaction between Ni-
Fe bimetallic and support, and the high Ni-Fe bimetallic dispersion.  
 
6)  The Sr-doped Ni based catalysts are highly active and stable in oxy-CO2 
reforming of methane (OCRM) for syngas production   
 
 In order to improve energy efficiency of DRM reaction as a new aspect in 
DRM development, combination of highly endothermic DRM reaction and exothermic 
POM reaction was found to be an alternative reaction pathway to produce syngas. The 
Sr-doped catalysts synthesized for this research (La0.8Sr0.2NiO3, La1.9Sr0.1NiO3 and 
La0.8Sr0.2Ni0.8Fe0.2O3) has been found to be active and stable for OCRM reaction: 
improving energy efficiency, enhancing catalytic CH4 conversion and increasing 
catalytic stability. Optimal condition was found with the feed ratio of CH4: CO2: O2 = 
4:3:1, reduction temperature of 650 C and reaction temperature of 700 C. 
 







  Since the production of H2 and syngas from many sources including DRM has 
received increasing interest recently, we believed that the finding of our research study 





The Ni-based catalysts such as Ni-SDL, La1-xSrxNiO3, La2-xSrxNiO4 and 
La0.8Sr0.2Ni0.8M0.2O3 have been successfully developed for dry CO2 reforming of CH4. 
It was found that addition of secondary components such as supports and promoters 
are highly important to achieve high catalytic DRM performance with high resistance 
to carbon formation. Up to now, several research papers on DRM focused on an 
improvement of catalyst stability via a decrease of carbon deposition rate. Even though 
sufficient progress was achieved, catalyst development is still a great challenge from 
an industrial point of view. Therefore, in summary, the following aspects of work are 
of interest for future investigation. 
 
1) Effects of Ni and M content on the La0.8Sr0.2Ni0.8M0.2O3 bimetallic catalysts 
for DRM  
 
The study should focus on the mole ratio of Ni and M on La0.8Sr0.2Ni0.8M0.2O3 
catalyst. The investigation on the effects of Ni-M content on catalyst properties and 
performance should be conducted with an attempt to improve catalytic stability via 
decreasing carbon formation. Moreover, the operating conditions such as reaction 
temperature, reduction temperature, gas-hourly space velocity and catalyst particle size 







should be studied. In addition, kinetic behavior of the best catalyst should be 
investigated as a function of partial pressure and reaction temperature. The mechanism 
of this catalyst should be discussed based on the kinetic studies as well as experimental 
observation (such as in-situ FTIR). 
 
2) Improvement of energy efficiency 
 
To enable implementation of DRM for commercialization and application in 
large scale industries, high energy consumption of the endothermic DRM reaction 
should be minimized. Integrated reforming technology (consisting of exothermic and 
endothermic reactions), such as oxy-CO2 reforming or tri-reforming reactions are 
recommended to achieve high energy efficiency.  
 
3) Development of catalytic membrane reactor 
 
To overcome the thermodynamic limitations of DRM in tradition reactors, a 
hydrogen-selective membrane reactor can help to remove the hydrogen gas produced 
in the reaction in order to shift the equilibrium and therefore improve the conversion of 
methane. Palladium membranes are renowned for their high selectivity of H2 but their 
high costs have resulted in studies to alloy them with other lower cost metals such as 
copper, nickel and silver. 
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